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I INTRODUCTION 


MiMHUiimnils  mad)  *n  ■ > i<*u-  g.*-.  turbin*  eng  in*  - show  th.it  th*  ni  « joi 
>n  pollutant  • mitt*  i fr*-:  thi  engine  ir*  carbon  mmi  »xid«-  (CO)  *ud 

unburmd  hwlt  ■ cart  »n-  (Clt^l  it  l»w  p>w*  i tting«<.  md  oxides  of  nitrogen 

<\t>x)  ind  >k*  <t  n»g!i  i>*ir.  I'h*  * or-*  >f  tht*-*-  pollutant  * ;»n  known, 

being  combustion  inefficient  plus  <|U«  nching  effect'  in  th**  ca**  of  CO  and 
cnx.  and  high  av»  rig*  ou:  I t*  . I fl  <irt<  •«  ri  |>«  ratur*  in  th*  ran  of  V »x. 
Th*  ran  • of  sm»k«  (particular  rmiisloRd  t-  furl-rich,  droplet  combus- 
tion la  c i r bon  foiination  problem!  nd  the  quenching  of  carl <n  »xi  i .w  >n 
r*  otic . ns*  prior  t- ■ ••on^umptitx  (<  . rl,.  m consumption  problem).  !•  i ilt*r< 
for*  not  difficult  to  conceivt  of  itU  • itlons  to  the  combustion,  lit , . 
and  iilu*i  >n  pr*aces**  < p*  rf<  rti  «d  th*  g > turbine  combustor  win  h v »u| 
result  in  -tgjufu  «nt|\  r*  dm  • <1  *-  ctnis-ions. 

Past  emission  abatement  efforts  in  aircraft  gas  turbine  engines  hav*  b*  « a 
directed  primarily  tov  ir*J  th*  • llininali  »n  of  visible  pollution — -moke. 
Future  aircraft  emission  regulations  will  also  requir*  the  control  »f  non - 
visible  emissions — carbon  monoxide,  hvdrocarbons.  and  nitrogen  oxide  - 
> l>  . i . I’ubli.  I..w  ‘*1  -604.  "CU  in 

Nir  \m*  mini*  nts  of  11)70.  whi>  h was  approved  11  December  1970,  dree  ted 
th*-  Environmental  Protection  \goncv  (l'P\|  to  establish  aircraft  pollution 
standards.  In  responst  t this  directive  the  EPA  published  in  th*  Federal 
Register  emls  ions  it  ndards.  compliance  dates,  ind  test  pi  - • lui 
for  comm*  rci  .1  nrcrift  md  aircraft  engines.1  In  general,  th*  *.s«  r*  gul 
tlons  require  significant  reduction-  in  <11  m.»*  - emissions. 

In  addition  to  th*  • col.-gic  <1  m<  ••ntivc  for  low  - mass  - e m i s s ion  c<»r  t>.i>tors, 
there  ar*  many  other  pfentinl  hen*  fits  for  low-emission  combustion  svs- 
tems,  such  as 

• Noise  reduction 

• \ltitude  igniti  n improv* •>n**nt 

• Specific  fuel  consumption  r*  <luction 

• Increased  combustor  lift  dut  ■ ■ lecreased  liner  temperatur* 
reduced  flame  radia'ion 

• Longer  turbine  section  life  due  to  reduced  erosion 


1 Federal  Register.  Vol  38,  No.  1 3r».  Tuesday,  July  17.  1973,  Title 
40  — Protection  of  Environment,  Chapter  1 — Environmental  Protection 
Agency,  Part  87 — Control  of  \ir  Pollution  from  Aircraft  and  \ircraft 
Engines. 
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In  1971  -72  Detroit  Dlest-1  Allison  (PDA)  conducted  a 1 2 -month  program 
under  \rmv  contract  to  develop  emission  abatement  technology  for  air> 
craft  gas  turbine  engine  combustors,  ('sing  the  ‘117  hp  turboshaft 
T63-A-5A  engine  as  the  baseline,  various  emission  reduction  concepts 
were  investigated  both  analytically  and  experimentally.  Two  combustors 
resulted  from  the  extensive  combustor  rig  testing,  the  prechamber  com* 
bustor  and  the  modified  conventional  combustor  (Figure  1),  Both  com- 
bustors demonstrated  sufficient  emission  abatement  technology  for  achiev- 
ing the  program  goals  of  a 50%  reduction  in  total  emissions  (CCV*CHX«  \'Ok) 
over  the  duty  cycle  of  a light  observation  helicopter  (LDIO  while  allowing 
no  increase  in  individual  pollutants.  This  duty  cycle  is  shown  in  Figure  2. 


Figure  1.  Final  Combustors  Produced  for  an  Army  Low-Emission 
Technology  Generator  Contract. 
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Figure  2.  Composite  T63-A-5A  Army  LOH  Duty  Cycle. 

In  1974  the  program  reported  herein  was  initiated  with  the  overall  objective 
of  demonstrating  the  performance  of  both  low-emission  combustor  concepts 
in  a series  of  dynamometer  engine  tests.  Because  the  Army  helicopter 
power  requirements  would  be  increasing  in  the  future,  it  was  decided  to 
utilize  the  next  generation  T63  type  engine  in  this  program,  the  Model 
250-C20B,  which  has  a take-off  rating  of  420  hp,  a 25%  increase  in  power 
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over  the  T63  A •'  A i mg  me.  rh»  engine  envelope  and  combustion  system 
of  the  Mode  I 2.r>r,  c 201.  i the  same  as  the  Tt»3  A-5A,  as  shown  in  Figure 
3.  Thus,  the  ombu  t >r  hardware  previously  designed  was  directly  adap- 
table. In  fact,  the  sime  combustor  rig  components  could  be  used  for 
development  w ork. 

In  addition  to  using  the  new  engine,  some  minor  changes  were  made  to  the 
LOII  duty  cycle.  Instead  of  one  idle  power  point,  defined  as  10%  of  maxi- 
mum power,  the  revised  cycle  incorporated  two  idle  points:  Ground  idle 
at  5 shp  with  a soro  time  weighting  factor  for  the  duty  cycle  and  operational 
idle  at  25  shp  with  a 1 5%  time -weighting  factor.  The  combustor  operating 


Figure  3.  Model  250/T63  Engine  and  Combustion  Liners. 
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*1  conditions  for  the  Model  250-C20B  engine,  including  the  LOH  duty  cycle 

points,  are  shown  in  Table  1,  The  duty  cycle  is  shown  in  Figure  4.  Both 
of  the  nontime-weighted  cycle  points  were  used  to  help  define  emission 
levels  at  the  low  end  of  the  power  range,  where  large  changes  typically 
occur. 


u 

0)  il 


Percent  Power 


Figure  4.  Composite  Model  250-C20B  Army  LOH  Duty  Cycle. 


m 


. 


The  program  was  conducted  in  four  tasks: 


Task  l - Combustor  Development  and  Rig  Testing 
Task  II  - Baseline  Combustor  Engine  Testing 
Task  III  - Low  Emissions  Combustor  Engine  Testing 
Task  IV  - Data  Analysis 

The  objective  of  Task  I — Combustor  Development  — was  to  define  the 
Model  250-C20B  operating  conditions  which  could  be  used  on  the  combustor 
test  rig,  define  the  acceptance  criteria  for  the  low -emission  combustors, 
test  the  baseline  combustor  to  document  performance,  and  develop  both 
low -emission  combustors  to  try  to  achieve  the  performance  goals  defined 
by  the  acceptance  criteria.  The  Model  250-C20B  operating  conditions  are 
shown  in  Table  1.  The  performance  acceptance  criteria  for  the  low-emis- 
sion combustor  are  shown  in  Table  2.  These  criteria  were  a 50%  reduction 
in  total  emissions  and  specified  reductions  in  constituent  pollutants.  Ex- 
haust smoke  was  limited  to  a 35  SAE/EPA  smoke  number.  Maximum 
levels  were  defined  for  exhaust  temperature  pattern,  pressure  drop,  and 
liner  metal  temperature  so  that  the  liners  would  be  engine-worthy  for  the 
evaluations  in  Task  III.  Combustor  size  was  also  restricted  to  the  base 
line  case  diameter  and  a 3.0-inch  case  length  increase. 

The  combustor  rig  development  of  the  prechamber  and  modified  conven- 
tional combustor  liners  constituted  the  majority  of  the  effort  expended  in 
Task  I.  Thirteen  versions  of  the  prechamber  and  ten  versions  of  the  modi- 
fied conventional  liners  were  tested  on  the  combustor  rig.  These  individual 
tests  are  discussed  in  the  next  section,  COMBUSTOR  DEVELOPMENT. 
During  Task  I,  a total  of  307  data  points  were  recorded  during  95:09 
burning  hours.  A total  of  2003  gal  of  JP-4  fuel  were  used.  A series  of 
thermal  paint  liner-metal  temperature  tests  and  simulated  altitude  and 
ambient  starting  tests  on  each  combustor  completed  the  combustor  rig 
testing. 

Tasks  II  and  III  were  concurrent  tests,  using  reference-grade  JP-4  fuel, 
in  which  the  baseline  and  each  low-emission  combustor  were  tested  on  a 
specification  quality  Model  250-C20B  engine.  In  Task  II,  the  baseline  pro- 
duction combustor  hardware  was  tested  for  exhaust  temperature  pattern, 
liner  metal  temperatures,  engine  performance,  and  exhaust  emissions,  to 
form  the  engine  characteristics  against  which  the  low  emission  combustor 
systems  could  be  compared.  In  Task  III,  the  prechamber  and  modified 
conventional  combustors  were  engine  tested  for  performance,  exhaust 
temperature  pattern,  and  exhaust  emissions.  In  addition,  the  prechamber 
combustor  was  subjected  to  a 40-hour  cyclic  durability  test  and  perfor- 
mance and  exhaust  emissions  were  measured  when  the  engine  was 
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TABLE  2.  MODEL  250-C20B  LOW  EMISSIONS  COMBUSTOR  PERFORMANCE 
ACCEPTANCE  CRITERIA 


PARAMETER 

LOW  EMISSIONS  COMBUSTOR 
ACCEPTANCE  CRITERIA 

EXISTING 

ENGINE  DATA 

Emissions : 

c3h8 

Max  LOH  El  50#  baseline 

-- 

CO 

Max  LOH  El  50#  baseline 

— 

NOx 

Max  LOH  El  90#  baseline 

— 

C3Hg+CO+NOx 

Max  LOH  El  50#  baseline 

— 

Smoke  Number 

35  Maximum 

“ - 

Exhaust  Temp.  Profile: 

Pattern  Factor 

.25  Maximum 

.14 

T /T 
max'  avg 

1.18  Maximum 

1.10 

Pressure  Drop 

5.0* 

3.15# 

Max.  Liner  Temp. 

1700°F 

1700°F 

Stability,  LBO 
at  Idle 

Equal  to  Baseline 

— 

Ignition  System 

Existing  C20B 

— 

Size : 

Combustor  Case 

ID  Existing  C20B  Diameter 

Combustor  Case 

Length 

Goal 

Max  of  3"  longer  than 

baseline 

Max  Allowable 

Max  of  5"  longer  than 

baseline 

operated  on  JP-4  regular,  JP-5  regular,  and  oil  shale  derived  JP-5/Jet- 
A fuels.  These  data  are  discussed  in  the  final  section,  ENGINE  TEST- 
ING. 

The  reduction  of  the  test  data,  the  rig  to  engine  correlations,  and  the 
combustor  to  engine  correlations  were  conducted  in  Task  IV  — Data  Anal- 
ysis. These  results  are  included  in  the  final  section,  ENGINE  TESTING. 
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COMBUSTOR  DEVELOPMENT 

Combustor  development  was  the  first  task  conducted  in  the  program.  The 
two  final  combustors  (shown  in  Figure  1 and  which  were  from  the  previous 
emissions  abatement  programs)  were  returned  to  DDA  so  that  additional 
combustor  rig  testing  could  be  performed  to  improve  the  general  perform- 
ance of  each  combustor.8  Both  the  prechamber  and  the  modified  conven- 
tional combustors  had  demonstrated  the  emission  abatement  goal  of  a 50% 
total  emissions  reduction  (CO+CHx+NOx)  in  a rig  test  with  no  increase  in 
any  constituent  above  baseline  levels.  What  remained  was  the  maintaining 
of  these  low-emission  levels  in  an  actual  engine  with  uprated  conditions 
from  the  T63  turboshaft  engine,  the  Model  250-C20B,  while  improving 
combustor  exhaust  temperature  profile,  lightoff  and  altitude  performance, 
and  reducing  liner  pressure  drop  and  metal  temperatures. 

First,  a baseline  combustor  was  rig  tested  at  the  Model  250-C20B  combus- 
tor operating  conditions  to  document  exhaust  emissions  and  combustor  per- 
formance. Then,  low-emission  combustor  development  was  conducted 
concurrently  on  the  prechamber  and  the  modified  conventional  combustors. 
Thirteen  different  prechamber  combustor  configurations  and  ten  different 
modified  conventional^ combustor  configurations  were  rig  tested.  This  rig 
testing  resulted  in  307  data  points  being  recorded  during  95:09  hours  of 
burning,  which  consumed  2003  gallons  of  JP-4  fuel. 

The  final  versions  of  each  low-emission  combustor  configuration  were  fur- 
ther tested  at  ambient  and  at  simulated  25,000-ft  altitude  conditions,  to 
assess  starting  capabilities.  Each  combustor  liner  was  also  painted  with 
a thermally  sensitive  paint  and  operated  at  100%  power,  to  define  the  tem- 
perature distribution  on  the  liner  metal. 

The  work  conducted  in  each  of  these  areas  is  discussed  in  the  following 
sections. 

EXPERIMENTAL  SYSTEM 

The  combustor  development  tests  were  conducted  in  the  DDA  Combustion 
Research  Laboratory  using  JP-4  regular  fuel  and  non-vitiated  (neat)  air. 
The  combustor  operating  conditions  simulated  by  the  rig  were  those  of 
the  Model  250-C20B  gas  turbine  engine.  The  required  operating  condi- 
tions, previously  defined  in  Table  1 vary  over  the  following  ranges: 


8 Troth,  D.  L. , Verdouw,  A.  J. , and  Verkamp,  F.  J.  Investigation  of 
Aircraft  Gas  Turbine  Combustor  Having  Low  Mass  Emissions,  Detroit 
Diesel  Allison,  Division  of  General  Motors  Corporation.  USAAMRDL 
Technical  Report  73-6,  U.  S.  Army  Air  Mobility  Research  and  Development 
Laboratory,  Fort  Eustis,  Virginia,  April  1973,  AD764987. 
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Combustor  inlet  temperature  285°  to  570° F 

Combustor  inlet  pressure  41  to  105  psia 

Fuel  flow  rate  62  to  265  lb/hr 

Airflow  rate  1.5  to  3.4  Ib/sec. 

The  above  combustor  operating  conditions  could  be  readily  simulated  un- 
der steady-state  conditions  in  the  I)I)A  Combustion  Research  laboratory. 
Major  elements  of  the  facility  used  in  conducting  the  experiments  were: 

• Air  supply  system 

• Fuel  supply  system 

• Ignition  system 

• Data  acquisition  and  reduction  system 

• Emission  measurement  system 

• T63  combustor  test  rig. 

The  systems  and  experiments  were  remotely  operated  from  the  control 
room  shown  in  Figure  5.  The  above  listed  combustion  facility  elements 
are  described  in  the  following  paragraphs. 


Figure  5.  Combustion  Research  Laboratory  Control  Room. 


ELKTPIC 

HKATO? 

coirntoLLa* 


COMFIFTB* 


PFSSS'JPE 

IKDICATOfcS 


TV 

VOLTMBTKF 

SCA.TNEF 


OIL 

HEATS* 

COITTPOLLS- 


TEMPifrATURE 

INDICATORS 

k 

■ t 

i 


TKAVStSING 

HIOBE 

EXHAUST  WATS' 
AIR  CONTROLLtns 


35 


Air  Supply  System 


The  air  supply  system  provided  nonvitiated  air  at  the  required  inlet  temp- 
erature. pressure,  and  flow  rate  to  simulate  the  engine  combustor  airflow 
conditions.  This  system,  as  shown  in  Figure  6,  include  an  air  filter,  air 
heaters,  an  airflow  control,  a pressure  control,  flow  metering,  and  exhaust 
systems.  After  the  air  passed  through  a filter,  the  airflow  was  measui<  u 
with  a standard  ASME  flange-tap  orifice  plate.  A throttling  valve  con- 
trolled the  airflow  rate.  An  oil-fired  Thermal  Research  air  heater  and  a 
bank  of  four  electric  heaters  in  parallel,  rated  at  200  kw  each,  were  used 
to  heat  the  combustor  inlet  air  temperatures.  This  heater  system  is  capa- 
ble of  heating  the  inlet  air  to  1500°F.  However,  in  this  program,  the 
maximum  required  temperature  was  570  “F. 

The  test  facility  can  accommodate  two  150-inch -long  test  sections.  Test 
section  connections  are  made  with  10 -inch  flanges  at  the  inlet  and  exhaust. 
In  this  program,  the  T63  test  rig  was  installed  in  one  of  the  150-inch  test 
sections.  The  exhaust  ducting  is  equipped  with  an  automatic  water  spray 
bar  system  for  cooling  the  exhaust  products  to  450° F.  The  exhaust  gas  is 
then  either  vented  to  the  atmosphere  or  ducted  through  a set  of  steam  ejec- 
tors. With  this  system,  the  test  section  static  pressure  can  be  controlled 
over  a range  of  pressures  from  4.  4 pounds  per  square  inch  absolute  (psia) 
up  to  300  psia. 


1000'F 


JP-k 


Figure  6.  Combustion  Research  Facility  Air  Supply  Schematic. 
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Altitude  simulation  was  required  in  this  program  and  the  t*  i -•  ■«  n pt  < 
sure  was  controlled  from  a minimum  of  5.45  pftia  (25,000  '•  i*  i t 

pressure)  to  105  psia  at  lOO^  power  sea  level  standard  > > ■ , , r , 

the  Model  250-C20B  engine. 

Fuel  Supply  System 

.All  the  combustor  liners  in  this  program  wer«  » n.  *•  *.  < I r:<  I. 

The  JP-4  system  is  capable  of  supplying  fuel  *t  niaxiu<  • n w,  • *.  >* 

2450  lb/hr  and  a maximum  pi  essure  of  2000  p i.».  I • •<  : •.  *h:n. 

adequate  to  meet  the  fuel  flow  requirements  >f  tins  | lb.  if'  4 

was  stored  in  an  underground  tank  and  transferred  b\  l*o<  ' puu.p  ",  . 

high  pressure  pump  which  could  provide  a maximum  l<  lr  t \ pi  < ■ ui<  ol 
2000  psia.  The  JP-4  fuel  system  incorpor  t*  s • -uip  • ,t1|  ••  l f.  . <1 
back  system  to  eliminate  any  potential  pr<-  -ur-  pul-  »i  > u • . 'U,  J :l<  a 
delivery.  JP-4  flow  rates  were  measure  ) with  i tutbin-  typ<  flowm*  t<  i 
which  had  been  calibrated  on  JP-4  fuel. 

Ignition  System 


Because  the  developed  versions  of  each  low  emi  ion  <•  n ' , • ,t  v t » 
be  evaluated  bv  engine  testing,  the  production  Model  250  C20B  ignition 
system  was  used  for  all  of  the  rig  development  testing.  Thus,  a 24  volt 
power  source  was  connected  to  the  production  engine  capacitiv  e disrhargi 
exciter,  production  igniter  cable,  and  surface  gap  sparkplug.  Hu  pro- 
duction spark  plug  was  used  for  baseline  combustor  t«  ting  nnd  fo»  tin- 
modified  conventional  combustor  testing  since  each  lit.t-r  e-cd  th«  same 
dome  configuration  and  thus  the  same  igniter  installati  >n.  Ih«  prechamber 
combustor  used  a side  mounted  igniter,  and  thus  this  igniter  was  consid- 
erably longer. 

Data  Acquisition  and  Reduction  System 

An  automatic  digital  data  acquisition  and  reduction  system  was-  used  in  this 
program.  The  system  can  acquire  200  channels  of  input  test  data  in  15 
seconds.  The  principal  components  of  the  digital  data  acquisition  system 
are  a cross-bar  scanner,  a digital  voltmeter,  a digital  computer,  a high- 
speed paper  tape  reader,  a teletype  printer,  and  a high-speed  paper  tape 
punch.  The  digital  data  acquisition  system  operates  as  follows: 

• The  scanner  (as  programmed  by  the  computer)  steps  through  the  200 
data  channels  and  feeds  the  signals  to  the  voltmeter.  The  onlv  re- 
striction is  that  the  input  data  must  be  in  the  form  of  either  voltage 
or  frequency. 
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• Du  digital  voltmeter  read*  the  signal*  »-  received  end  i them 
sequentially  to  the  computer. 

• Tbi  Iftgital  iter  rt dm  • a th<  net  • • • > log  tu  Its,  Much 

as  pressure  and  temperature.  I "he  computer  also  u-«  ->  the  d»ta  to 
calculate  the  desired  flow  |iu.imeti  r . such  »>-  airflow  rate,  fuel  flow 
rate,  fuel-air  ratio,  percent  pr«  -ir*  drop,  and  < mission  indict  >». 

• i in  calcul  i ted  d >t  • are  then  pi  failed  out  t>>  th<  U krtypi  *«**!  ar*-  logged 
by  the  high-speed  punch. 

'The  cr<>  bar  -canner  is  a Mem leti -Packard  2911  \ It.  2h0-channt  I unit. 
Th*  voltmeter  is  * Hewlett-Packard  24()2\  integrating  digital  voltmeter. 
The  computer  is  a Hewlett-Packard  Model  2IIKII  with  Hi, 000  word*,  of 
memory.  The  computer  is  equipped  w ith  a high-speed  paper-tape  r<  *d«  t . 

\ data  acquisition  computer  program  was  written  for  the  e i*  -t  to  acquit* 
electrical  signals  from  the  various  tvpcs  of  instrumentation  and  c**nv«  m 
those  signals  to  the  corresponding  engineering  units.  One**  com*  ri<  d. 
these  data  wer**  us«*d  in  th**  data  reduction  progr  *m  to  * ilculate  p <ram 
eters,  such  as  fuel  How,  airflow,  fuel-air  ratio*  emission  indices,  pres- 
sure loss,  temperature  profile,  temperature  pattern  fa*  tor,  and  oth*  r 
parameters  of  interest. 

Mata  reduction  calculations  for  some  parameters  such  a*  combustion  ef 
ficiencv,  chemical  fuel-air  ratio,  exhaust  emission  concentrations,  and 
emission  indices  — relied  whollv  or  in  part  on  measured  concentrations  *f 
exhaust  gases. 

The  combustion  efficiency  was  calculated  from  the  exhaust  gis  analv-i 
data,  using  the  following  equation:14 


frco(-121,  745)  ♦ frCH  (-879.347)  - frNo(38,  880)-frN(,  (14.554) 

* 1 2 . — l (1) 

(frCO  * frC02  4 3 frCHx)  (A) 


3 Hardin,  M.C.  Calculation  of  romiiustion  efficiency  and  Fuel- Air  Ratio 
from  ICxhaust  Gas  Analyses.  HN  73-48.  Detroit  Diesel  Allison,  Division 
of  General  Motors  Corporation,  P.  O.  Box  804,  Indianapolis,  Indiana. 

July  1973. 

4 Hardin,  M.C.  I ntimation  of  the  Heat  of  Combustion  and  Hydrogen  Con- 
tent of  Liquid  petroleum  Fuels.  RN  73-82.  Detroit  Diesel  Allison, 
Division  of  General  Motors  Corporation,  P.  O.  Box  894,  Indianapolis, 
Indiana.  October  1973. 
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The  chemical  fuel-air  ratio  was  calculated  a - (II  a check  <»n  the  furl  and 
airflow  rate  measurement**  and  121  a check  on  tli»  emission  ga-  sampling 
method  t«>  ensure  that  * valid  simple  is  obtained  from  the  « xhau-t.  The 
chemical  fuel-air  ratio  in  hydrocarbon  fuel-air  reactions  wi-  ml.  luted 
from  wet  basis  exhaust  gas  analysis,  using  the  following  equation: 


F/A 


(f,  C02*  frCQ4  ffCHxl(Ul 

0.  i\  - «'rr0j  ♦ frCf)  ♦ frc|J>HIO 


(2> 


In  the  preceding  equations,  frxx  is  the  volume  fraction  if  the  component 
as  reported  by  gas  analysis.  The  subscript  CII*  stands  lor  unhurried  hy 
drocarbons,  reported  as  Cl I4.  The  values  of  const  nt  • ' >.  db,  ml  < i 
are  listed  in  Table  3 for  the  .11*- 4 fuel. 


TABLE  3. 

FUEL  CONSTANTS 
EFFICIENCY  AND 

FOR  CALCULATION  01 
run L- TO- AIR  RATIO 

COM HP SI  1 0\  1 

1 

Fuel  Constants 

I 

I 

i 

Fuel 

\ B 

c 1 



•IP-4 

263.070  0.10154 

0. 9910 

The  emission  indexes  (FI)  for  carbon  monoxide,  hydrocarbons,  and  oxides 
of  nitrogen  were  calculated,  using  the  following  equations. 


28.  Oil  Cco  (1  * I \> 
28.970  F/A 


(31 


44.097  (1  + F/A) 

28,970  F/A 


(4) 


46.008  CNOx  (1  ♦ F/A) 
28,  970 


(5)  1 

I 


The  volumetric  concentration  (C)  in  parts  per  million  of  NOx  used  in  the 
above  equation,  was  the  sum  of  NO  and  NO2  as  measured  by  the  NDIR  and 
NDUV  instruments,  or  as  NOx  when  directly  measured  by  the  chemilumi- 
nescent analyzer. 
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Emission  Measurement  System 


Most  of  the  emission  measurements  were  made  on-line,  using  the  follow- 
ing instruments  and  range  sensitivities. 

Sample  Instrument 

Carbon  monoxide  (CO)  Beckman  Model  315BL  NDIR 

(0-100  ppm  to  0-5000  ppm) 

Carbon  dioxide  (CO2)  Beckman  Model  31 5B  NDIR 

(0-5%  and  0-25%) 

Oxygen  (O2)  Beckman  Model  715  Electrochemical 

Transducer 
(0-5%  and  0-25%) 

Nitric  oxide  (NO)  Beckman  Model  315AL  NDIR 

(0-150  ppm  to  0-1500  ppm) 

Nitrogen  dioxide  (NO2)  Beckman  Model  255  (long  path)  NDUV 

(0-100  ppm  to  0-2500  ppm) 

Total  nitrogen  oxides  (NOx)  Air  Monitoring,  Inc.,  Chemilumines- 

cent Analyzer  with  NO2  converter 
(0-1  ppm  to  0-1000  ppm) 

Unburned  hydrocarbons  (H/C)  Beckman  Model  402  THC  Analyzer 

(FID) 

(0-2  ppm  C3  to  0-10,000  ppm  C3) 
Smoke  SAE-ARP  1179  system 


The  on-iine  emission  analysis  system  was  unique  in  design  and  instru- 
mentation. The  system  consisted  of  two  units:  an  analyzer  console  and 
a control  console.  To  maintain  minimum  sample -transport  time,  the 
analyzer  console  was  located  in  the  test  cell.  The  analyzer  console, 
shown  schematically  in  Figure  7,  contained  the  actual  gas  analysis  in- 
strumentation and  was  electronically  connected  to  the  amplifier/readout 
units  in  the  control  console  located  in  the  control  room  (Figure  5).  In 
addition  to  the  readout  units,  the  control  console  provided  flow  control  to 
the  analyzer  and  the  sample  bypass. 


1 lp*  2 lorn 


Figure  7.  On-line  Emission  Analysis  System  Schematic. 

The  gas  sample  line  from  the  test  section  to  the  analyzer  console  was 
Teflon-lined,  stainless-steel  tubing  heated  to  375° F.  Suitable  filters, 
condensers,  and  driers  were  provided  in  the  analyzer  console  to  assure 
accurate  measurements. 

The  on-line  instruments  were  calibrated  through  the  use  of  calibration 
gases.  Gases  were  normally  available  to  provide  five  calibration  points 
per  analyzer  range.  The  actual  gas  concentrations  were  determined  by 
the  vendor  and  checked  by  the  DDA  Physical  Chemistry  Research  Section. 

Two  systems  were  used  in  this  program  to  measure  the  NOx  emissions. 
Based  upon  experience  in  previous  programs,  it  was  concluded  that,  for 
concentrations  of  NOx  greater  than  20  ppm,  the  NDIR  plus  NDUV  instru- 
ments gave  the  most  accurate  data;  and  less  than  20  ppm,  the  chemilumi- 
nescent instrument  was  the  most  reliable  and  accurate. 

T63  Combustor  Test  Rig 

All  the  combustors  in  this  program  were  tested  in  a Model  250  combustor 
test  rig  as  shown  in  Figure  8,  which  exactly  simulated  the  flow  path  and 
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Figure  8.  Experimental  Installation  of  Model  250  (T63) 
Combustion  System. 


dimensions  of  the  Model  250-C20B  engine.  The  inlet  air  feed  arms,  the 
outer  combustor  case,  and  the  turbine  inlet  section  pieces  were  actual 
Model  250-C20B  engine  components. 

In  this  program,  the  emissions  were  measured  at  the  turbine  inlet  section 
as  shown  in  Figure  9.  Thirty-two  ports  were  provided  as  shown  to  sample 
the  combustor  exhaust  gas.  These  consisted  of  eight  probes  installed  at 
equally  spaced,  circumferential  locations,  and  each  of  the  eight  probes  had 
four  ports  located  radially  to  provide  equal  area  sampling.  The  thirty-two 
ports  all  fed  into  a common  manifold  (outside)  the  rig.  From  the  common 
manifold,  the  gases  passed  through  the  heated  gas  sample  line  to  the  ana- 
lyzer console.  In  addition  to  the  gas  sample  ports,  the  turbine  inlet  in- 
strumentation plane  contained  two  combustor  outlet  pressure  probes, 
twenty-one  C-A  thermocouples,  and  four  engine  thermocouples  as  shown 
in  Figure  9. 

Throughout  the  program,  visual  observations  of  a liner’s  combustion  pat- 
tern could  be  made  by  using  the  air-cooled  periscope  assembly  shown  in 
Figures  10  and  11.  The  view  was  obtained  through  a quartz  window  in- 
stalled in  the  turbine  inlet  centerbody,  directly  upstream  into  the  com- 
bustor liner.  With  this  device,  visual  checks  could  be  made  of  ignition 
processes,  flame  color  and  luminous  intensity,  asymmetries  in  the  re- 
action or  intermediate  zone  flame  patterns,  or  unusual  aerodynamic 
phenomena  created  by  liner  design  details. 
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Figure  9.  Combustor  Rig  Exhaust  Instrumentation  at 
Turbine  Inlet  Section. 
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BASELINE  COMBUSTOR 

The  production  Model  250-C20B  gas  turbine  combustor  liner  was  the  base- 
line combustor  liner  used  for  this  contract.  The  emissions  of  all  low- 
emission  combustor  liners  were  compared  with  the  emissions  from  this 
liner.  The  baseline  Model  250  liner  is  shown  in  Figure  12.  The  produc- 
tion combustor  system  consists  of  a dual-orifice,  pressure -atomizing  fuel 
injector  located  in  the  center  of  the  liner  dome,  a capacitive-discharge 
spark  igniter  located  in  the  liner  dome  1.25  inches  off  the  liner  axial 
centerline,  and  a "can"  type  film-cooled  combustor  liner.  The  combus- 
tor liner,  shown  in  Figure  12,  is  9.56  inches  long  overall.  The  liner  has 
film  cooling  in  the  dome,  one  film -cooling  annulus  at  the  dome  exit,  and 
one  final  film-cooling  annulus  of  identical  geometry  located  1.83  inches 
downstream  from  the  first  film-cooling  annulus.  Liner  hole  sizes  and 
locations  are  summarized  in  Table  4.  Using  the  dimensions  in  Table  4, 
the  resulting  liner  airflow  splits  are  tabulated  in  Table  5. 


Figure  12.  Baseline  Model  250-C20B  Combustor  Liner. 
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TABLE 

4.  MODEL 

250-C20B 

LINER 

DESIGN 

SUMMARY 

Axial 
Location 
From  Dome 

Liner 

Type 

Size 

Item 

Exit  (in.) 

Dia. (in. ) 

Opening  Number 

(in. ) 

Dome  Cooling 

- 

1.74-4.66 

Holes 

54 

.203  dia. 

First  Cooling 
Annulus 

.0 

5.31 

Slots 

22 

.39  x .10 

Primary 

1.40 

5.31 

Holes 

6 

.562  dia. 

6 

.500  dia. 

Second  Cooling 
Annulus 

1.83 

5.31 

Slots 

22 

.39  x .10 

Trim 

2.89 

5.52 

Holes 

14 

.375  dia. 

Dilution 

4.14 

5.70 

Holes 

2 

1.250  dia. 

Exit 

8.19 

6.21 

- 

TABLE  5.  BASELINE  MODEL 

250-C20B  LINER  AIRFLOW  AREA  SPLITS 

Inlet  Air  Location 

Airflow  Area  Split  (%) 

9 

Dome  Holes 

11.8 

First  Cooling  Step 

11.2 

Primary  Holes 

26.4 

Second  Cooling  Step 

11.2 

Trim  Holes 

15.2 

Dilution  Holes 

24.2 

100.00 

After  a thorough  shakedown  of  the  Model  250  combustor  rig  installed  in 
the  DDA  Research  Combustion  Test  Facility,  the  Production  Model  250- 
C20B  combustor  system  was  initially  performance  tested  to  document  base- 
line aerodynamic  and  exhaust  emission  performance.  Data  were  recorded 
at  each  of  the  steady- state  light  observation  helicopter  (LOH)  duty-cycle 
operating  conditions  defined  in  Table  1.  A summary  of  these  data  are 
presented  in  Table  6,  showing  exhaust  emissions,  gas  analysis,  and  sys- 
tem performance  from  the  combustor  at  each  of  the  seven  LOH  operating 
conditions.  The  combustor  liner  was  removed,  painted  inside  and  out  with 
a thermally  sensitive  paint,  identified  as  TP-6,  reinstalled  on  the  rig,  and 
operated  at  takeoff  combustor  conditions  to  set  the  paint.  Photographs  of 
outside  and  inside  surfaces  of  the  liner  are  shown  in  Figures  13  through 
16.  The  liner-metal  temperatures  were  also  measured  with  five  thermo- 
couples attached  to  the  liner  outside  surface  at  the  locations  seen  in  the 
thermal  paint  photographs.  Three  of  the  thermocouples  formed  an  axial 
line  from  the  reaction  zone  to  the  liner  exit.  Two  more  thermocouples 
were  located  ± 120°  from  the  dilution  zone  thermocouple  to  record  temper- 
atures in  the  axial  plane  of  the  dilution  holes.  A plot  of  these  thermocouple 
metal  temperatures  is  given  in  Figure  17.  The  thermal  paint  and  the  ther- 
mocouple temperatures  agree  quite  well  at  the  100%  or  takeoff  power 
condition. 

Throughout  this  series  of  baseline  tests,  it  was  noticed  that  both  the  ex- 
haust temperature  profile  and  the  liner  metal  temperatures  from  the  ther- 
mal paint  test  showed  a severe  temperature  unbalance.  A plot  of  the  in- 
dividual temperatures  in  the  combustor  exhaust  plane.  Figure  18,  showed 
a hot  zone  at  the  1:30  circumferential  position  and  cool  temperatures 
throughout  the  remainder  of  the  annulus.  Normally  both  the  1:30  and  7:30 
are  hotter  zones,  with  4:30  and  10:30  quadrants  being  somewhat  cooler. 

Inspection  of  the  baseline  combustor  components  revealed  no  reason  for 
the  poor  pattern,  but  an  inspection  of  the  combustor  rig  revealed  that  a 
sizeable  crack  had  developed  in  the  turbine  inlet  seal  ring  where  the  com- 
bustor connects  to  the  turbine  nozzle.  This  thermal  fatigue  failure  was 
severe  enough  to  require  a teardown  and  the  repair  of  the  rig  instrumenta- 
tion section. 

The  production  combustor  system  was  then  retested  on  the  repaired  com- 
bustion rig.  This  test  was  conducted  at  combustor  conditions  from  opera- 
tional idle  to  take-off  and  at  the  intermediate  LOH  duty  cycle  points.  De- 
tailed data  sheets  from  these  six  test  points  are  shown  in  Figures  19 
through  24.  These  show  burner  inlet  and  outlet  conditions,  exhaust  tem- 
perature survey  data,  inlet  air  tube  and  fuel  conditions,  liner  metal  tem- 
peratures, exhaust  gas  analysis  parameters,  and  exhaust  emissions.  A 
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Figure  13.  Baseline  Liner  Metal-Temperature  Pattern  at  100%  Power, 

External  l50°-270°  Rotation. 
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Figure  14.  Baseline  Liner  Metal- Temperature  Pattern  at  100%  Power, 

External  270°-60°  Rotation. 
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Figure  15.  Baseline  Liner  Metal-Temperature  Pattern  at  100%  Power, 
External  60°-1508  Rotation. 
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Figure  16.  Baseline  Liner  Metal -Temperature  Pattern  at  100%  Power, 
Internal. 


summary  of  these  data  are  presented  in  Table  7.  The  liner  pressure  drop 
increased  at  every  operating  condition,  proving  that  there  was  significant 
leakage  around  the  liner  during  the  initial  test.  Exhaust  pattern  was  also 
improved  as  shown  by  the  pattern  factor  plots  in  Figure  25.  The  plot  of 
individual  exhaust  temperatures  is  presented  in  Figure  26.  Because  the 
seal  leakage  in  the  initial  test  was  evenly  distributed  through  the  combus- 
tor liner,  the  combustor  primary  zone  was  leaned  slightly,  resulting  in 
higher  exhaust  concentrations  of  carbon  monoxide  and  unburned  hydro- 
carbons. 
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production  Baseline  cohbuStor  rib  test 

(INITIAL*  AT  1001  POWER  CONOlrlONS 

TEST  DATE  ■ G-lB-7* 

RCA0IN6  NUHBER  * 12TB 

INLET  TCHP 

« 373, 

engine  nuhbcr/nahc 

S 

COHB.  RIG 

/ 

HOOEL  2S0-C20B 

ENGINE  TOT 

* 1**0. 

OUTER  CASE  NUHBCR/NAHC 

s 

*070*92 

/ 

PRODUCTION  BASELINE 

LINER  NUHBCR/NAHC 

= 

*871*8* 

/ 

PRODUCTION  BASELINE 

• • i 

fc  < 

■ •ANNULUS*1 

1 1 $ 1 

hub 

HID 

TIP 

total 

AVERAGE  TEHPCRATURE 

1**3. 3 

1**0.* 

1032.1 

1*12.1 

HAXIHUH  TEHPCRATURE 

217*. 0 

21**. 0 

2110.0 

2170.0 

iavb-inleti  tchp 

13GB. 3 

13*3.9 

1277.1 

1337.1 

(HAX-AVG*  TCHP 

22*.  7 

203.1 

2*3.* 

237.* 

HAX  tcnp/avs  temp 

1.11*7 

1.10*7 

1.1*23 

1.13** 

(HAX-AV6*/* AVG-INI 

0.1*37 

0.1«*7 

0.20** 

0.1*2* 

( AVG-AvG  TOTAL* 

31.2 

20. B 

-*0»0 

(TIP-HUB*  A VS  Tf  HP 

( AvG  TOTAL-TOT*  A22.1 


Figure  18.  Baseline  Liner  Exhaust  Temperatures  at  100%  Power,  Initial 
Test. 
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UQMOUSTiUr.  RtStARCM  L*«r<X*Tl.lHY  - FEASIBILITY 
Tfto  Ttpe  LUMuu.str,H  TtST  - Pib  o/U  1U7,  TtST  StMES 
MUUPL  25U-L20O  OAStLlNL  LINtk,  p/N  OH/J4H6,  NOZZLE 
rtsi  uMiti  co/10/74  ripfc 


Rib  EXPERIMENTS 
-4  , RE  AO  I NG  a 1433 

S/n  AG2P32.  JP4  FUEL. 
UF  0 a Y I 1209:  0 HOURS 


CYlLt  PolvT  2 


• IXFtklMtMAL 
l.b/9  L6/StC 
PSIA 


iUH-tk  Aik  FLOW 

AVb  oUPNtk  1 NL t t PktS  AO. 2 
AVI#  bUkf.tk  OEuTa  p 3,yij  "Mb 

3Vt»*LL  P/A  k A 1 1 0 .A.1104  (K/M) 

AlP  LU  All  PACT  Ok  l.*.26*i 

BUT  nOT  SPOT:  a 3/  • 122/.  Otb  F 

PULL  I NLt  T 1 1 i-PlR  A Tukp  b4#  UEb  p 


OPERATIONAL  JOLt 
( UNO  I 1 IONS  •••••••*••••••••••*•**• 

A V 6 bUWNtk  1MLFT  TthP  306.  DEG  P 
AVb  HuRNtk  UUtLtT  Tt HP  1*62.  Otb  P 
PRESSURE  LOSS  4,32  X 

PllfcL  PLOW  PATt  76,3b  LB/HH 

PATTEPN  FACTOR  .18605 

f AX  buT  / AVG  BuT  1 ,133b 

FUF.L  INLtl  PRtSSURE  102.0  PSIA 


it A T LOAUINb  PAPArtCTtk  .33/6F.t*07  OTli/MOU«/ A T H/CUB IC  FOOT  (V«  .127315) 


OURNtk  UOTLtT  TtHPFWATUkt  SOPVfeY 


lo 

ltnP 

10 

TtPP 

10 

TtMP  10 

TEHP  10 

TEMP 

ANNULUS 

1 

21 

1144, 

24 

1061. 

27 

1120.  3P 

1101.  33 

1046 

ANNULUS 

2 

22 

1097  ( 

26 

1*44. 

20 

llb7.  31 

1036.  34 

1000 

ANNULUS 

3 

23 

952. 

2b 

1112. 

29 

1007.  32 

079.  35 

Mb7 

in  Tt*P  IU  TEMP 

36  1069.  39  1218. 

37  1227.  4P  1224. 

38  11«1.  41  U66. 


LtFI  Slot  •*•*••••••*•  aik  IkLtT  Tviht  LONOiTlOkS  *•*•••••*•**  RIGHT  SIOE 


TOTAL  PktsSOWt  40,16  PSl*  TOTAL  PPtSSOHb  45,20  PSIA 
Aik  TcMPEk ATllkt  305.  Otb  P AIR  TtMPERATUHE  306.  DEG  P 
COMoUS  1 Uk  OoTtP  CASt  STATIC  PKtSSOKt 14.33  PSIA 


Aik  FlOh  UATA:  P-REPa  119.7 
FUEL  SYsTth  l)ATA| 

POEL  P/Pl  PktUOtNLV  26o. 

PUtL  PRtSSUKt  AT  P/M  344.0 


PSIA  litLTA  pa  1.16 

HZ  VOLUMETRIC 

PSIA  FUEL  TFhP 


"H b T-REPa  10P,  REG  P 

FLOW  HATE  11,24  GAL/HR 
T P/M  85.  OEG  P 


SKIN  TEMPERA t OWE  SURVEY! 

AA4a  424,  otb  F M40a  bl4.  Otb  P a4ba  /«6.  OEG  P a47a  91.  OEG  P 
440*  023.  Otb  F a 


GAS  ANALYSIS  OATA  FOH  Gas  SAMPLES  taken  IN  the  EXHAUST  duct 
CHtMICAL  F/A  RATIO:  ,012400  COMBUSTION  efficiency:  97,4075  X 

he ASuRtO  C02T  2.451  X HE aSuREO  02:  10. 60  X CALCULATED  02t  17.49  X 
ANALYSIS  CHECK:  F/a  IS  .011660  « HE n LALCULATEU  USING  HEASUREl)  02  VALUE 


EHiSSIUNS  M t A Sl.iRE  HE  NTS 
CONCENTRATION  EMISSIONS  lNOEX 
PPM  L6/10H0  Lb  PlJtL 

INSTRUMENT 

SOUHCfc 

LO 

1061.3b 

90.677 

OECKMAN  NDIR 

CHX 

174.31 

23.002 

BECKMAN  PIO 

NO 

3.41 

.471 

AMI 

CHEHlLUMINtSCENCE 

NUX 

22. b3 

3.127 

AMI 

chemiluminescence 

NO 

10.62 

1.494 

bECKMAN  NO  1 R 

NUX 

22.26 

3,076 

OECKMAN  (N01R  ♦ NUUV1 

ABSULUTt  MUM1U1TY 
SNOKE  NOHOEN 

a 26.26  GRAINS 
■ 11.12 

PtR 

POUND  OP  UkV  AIR 

Figure  19.  Baseline  Liner  Rig  Data  at  Operational  Idle. 
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Co^ouaT i'ii  kiStARLM  lahuhaTurt  - feasIRILITY 
rnj  IfKl  LurbuSIuH  T caT  - RIG  H/u  107,  ItST  SERIFS 
lUUtL  fc3.l-L2b’a  OaSELJNt  LINER,  P / N 6E/)486,  NU/iLt 
TEST  UAJt:  ^/l«//a  T I rtt 


RtG  tXPF.w  IMENTS 
-4  , READING  « 1334 

S/N  Ai;2?32,  JP4  F t.i fc L . 
OF  OAY!  1325S14  HOURS 


C T L l t P U 1 » 1 

0 

t • ft  ft 

• t ARcW 1 >1t M Al 

iuR'.rw  a 1 r 

FLOW 

2.137 

1.  rt  / S t C 

A Vt» 

mjNNti 

Inlet 

puts 

63.1 

P S 1 4 

4 v b 

RlJWIltH 

u i l.  r a 

H 

3.21 

"Hb 

Jvt- 

**LL  F/A 

R * T i 

0 

K*  1 38  1 

(F/M) 

4 I R 

LJ.li)  F AL  Tuw 

1 

.u3/3 

3U  1 

ho r spu  r : « 

40  * 

149/. 

OEG  F 

Fur  L 

1 NLt  1 

T r.  il'tKI  T ll RE 

92. 

OEG  F 

Hfc  *i  ! LOADING  P*«  4 -it  I E*  ,J«/I  V-.ilV 


25X  POwER  SETTING 
CONDITIONS  •****•*••*•*•*••******* 

4VG  HuRNtR  inlet  TthP  375.  DEG  F 
4vr,  HuRNtP  OUTLET  TEMP  1317,  OEG  F 
PRESSURE.  LOSS  4.26  X 

FUEL  FLO**  RATt  107.2b  LB/HR 

PATTERN  FACTOR  .19103 

MAX  huT  / 4 v G OUT  1.1367 

FUEL  INLET  PRESSURE  226.5  PSIA 
/►-OUR/ATM, CuBIC  FOOT  ( V « . 127315) 


• nURuF.x  UiJILtT  TtMPFRiTUHt  S'jRvET  •*»  *•*•*«**•**«***  • 

10  1l>'P  10  TtMP  10  TflP  ir-  TEMP  lu  IEMP  10  T t MP  II)  TEMP 

ANNULUS  1 21  13«1.  24  1314.  27  1342.  3b  1353.  33  12B5,  36  1315.  39  1471. 

AnNdloS  2 22  13DR.  25  1251.  2b  1343.  31  1279.  3a  1236.  37  1453.  4k)  1497. 

ANMiLua  3 23  1136.  26  1 325.  29  1320.  32  1 IPS.  35  10b7,  38  1451.  41  14H7, 

LEFT  Slut  **«*••«***»*  AIR  INLET  TuBt  CONDITIONS  *****»••***•  RIGHT  SIDE 
Tu T «L  PKcaSOKL  6b. n7  P S 1 4 TOTAL  PRESSURE  6b. «7  PSIA 

AIR  TcuPtRAluxE  373.  UtG  F AIR  TEMPERATURE  375.  DEG  F 

CUEdUSlUH  OUTER  L * at  STATIC  PRtSSURt  . . . . 14.24  PSIA 


AIR  F"  L 0 r UATa:  P-RtF*  llS.l  P S I A UtLTA  P*  1.91  "HG  f-HEF*  97.  OEG  F 
full  srsTtM  uat«: 

FUlL  F/rt  FRtUur.nCT  392,  h/  VULUMtTRlC  FLOW  RATE  17.15  GAL/HR 

FutL  PRtSSUKt  AT  F/M  3s?.  0 PSIA  FuFL  TEMP  AT  F/M  86.  DEG  F 


SKIN  1 EilHtW  AT  URt  SURVETS 


444*  32b 

0 4o*  1 4 b 4 

. utu  F 045* 

. ucu  F a 

/ 55 , Otr.  F 046* 

966 

, DEG  F 047  * 10b. 

oeg  f 

GAS 

analysis  data 

FOR  GAS  SAMPLtS  TAKtN 

IN  THE  tXHAUST  DULT 

LMtMCAL  F / A RATIO! 

• 01 49.19  COMHUSTIUN 

EFFICIENCY!  98.5835 

X 

MtASURtU 

L02:  3.42 9 X 

HtASu»tO  02!  lb. 

4b  X 

CALCULATED  02!  16. 

71  X 

ANALYSIS  CHtLR!  F/4  is 

.013816  GHtN  CAuCULATtO  USING  MEASURED  02 

VALUE 

F H [SSI ONS  MEASUREMENTS 

LUlCtNl RAT  I 0 i 4 

L MISSIONS  INDEX 

Instrument 

PPM 

LH/lbbb  Lb  FUtL 

source 

LO 

/hb.  12 

55.784 

BECKMAN  noir 

CHX 

7o, 2b 

8.521 

BtCKHAN  F I p 

HU 

12.93 

2.144 

AMI 

CHEMILUMINESCENCE 

UOX 

37 , 40 

4.359 

AMI 

CHEMlLUMlNESCtNCE 

NO 

17.43 

2.031 

BECKMAN  NDIR 

HUX 

mm  m m 

32.5b 

3.79/ 

BECKMAN  [NOtR  ♦ NOUVJ 

ABSOLUTE  HUMIDITY  • 26.2b  GRAINS  PER  POUNO  OF  ORY  AIR 
SUOKb  NUMbfcR  » 2b, Hb 


Figure  20.  Baseline  Liner  Rig  Data  at  25%  Power. 
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COMBUSTION  fitSEARLH 
T63  lYPt  COMBUSTOR  TtSi  - 
MODEL  '250-L208  B*Sfc'LlNt  L 
TEST  OATE:  06/1B//4 


LABORATORY  - FEASIBILITY 
RIG  M/u  107,  TEST  SERIES 
lht«,  P/N  bb/ 1 48b , NOZZLE 

TIME 


RIG  EXPERIMENTS 
-A  , READING  « 1335 

S/N  AG2032.  JP4  FUEL, 
OF  DAY*  1343(56  HOURS 


cycle  point 


* EXPERIMENTAL 
2.542  LB/SEC 
PSIA 
"HU 


BURNER  aIR  F l On 
AVG  BURNER  INLET  PRtS  72,0 
AVG  BURNER  UELTA  P b,21 

OVERALL  F/A  RATIO  .01510  (F/M) 

air  load  factor  i.oasa 

BUT  HOT  SPOT:  « 36  • 1624.  DEG  F 

fuel  inlet  temperature  93.  oeg  f 


40X  POnER  setting 
LOnuITIONS  «*A ****** *«•**•*•**•»«* 

AVG  BURNER  INLET  TEMP  423,  DEG  F 
AVG  BURNER  OUTLET  TEMP  1437,  OEG  F 


PRESSURE  LOSS 
FUEL  FLOR  HATE 

pattern  factor 

MAX  BUT  / AVG  BOT 
FUEL  INLET  PRESSURE 


4.23  X 

136.17  LB/HR 
.18396 
1,1296 
262.1  PSIA 


MEAT  LOADING  PARAMETER  ,415/8E*07  UTU/MOUR/ATM/CUBIC  FOOT  (V*  .127315) 


•••****••••••••**••  BUHNtP  OUTLET  TEMPERATURE  SURVEY  ******************* 

10  TEMP  10  TEMP  lu  TEMP  ID  TEMP  ID  TEMP  10  TEMP  10  TEMP 

ANNULUS  1 21  1525,  24  1398,  27  14o7.  30  1447.  33  1383.  36  1407,  39  1585. 

ANNULUS  2 22  l«t>7.  2b  1378.  28  1482.  31  1392.  34  1344.  37  1601  . 40  161  1 , 

ANNULUS  3 23  12/0.  26  1447.  29  1445.  3?  1204.  35  1169.  38  1624.  41  1539. 


LEFT  Slot  ************  AIR  Inlet  TUBt  CONDITIONS  *•* 
TOTAL  PRESSURE  72.02  PSIA  TuTAL  PRESSURE 

AIR  TtMPtHATUHt  423.  OEG  F AIR  TEMPERATURE 


COMBUSTOR  OuTtH  CASt  STATIC  PRESSURt 


**  RIGHT  SIDE 

72.06  PSIA 
423.  DEG  F 

14.07  PSIA 


AIR  PLOA  DATA:  P-HEF*  118.5  PSIA  OtLTA  P«  2,68  "HG  T-REF*  99.  OEG  F 
FUEL  STSTtM  UATAl 

Fuel  f/m  frecuency  505.  hz  volumetric  flor  rate  22,11  gal/hr 

fuel  pressure  at  f/m  309. 0 psia  fuel  temp  at  f/m  ea,  oeg  f 


smn  TEMPERATURE  survey: 

«44a  swi,  otG  F «43«  o32.  OEG  F »4b  « 1060.  OEG  F 047 « 112.  OEG  F 

04a«  1086,  OEG  F « 


Gas  analysis  data  fur  gas  samples  taken  in  ihe  exhaust  ouct 
CHEMICAL  F/A  ratio:  ,010071  LOMBuSTIQN  EFFICIENCY!  99,1057  X 

MEASURED  C02:  3.313  X MFASuRtO  02!  17,80  X CALCULATED  02!  16.34  X 
ANALYSIS  CHELn:  P/A  IS  .015040  nHEN  CALCULATED  USING  MEASURED  02  VALUE 


EMISSIONS  MEASUREMENTS 
CONCENTRATION  EMISSIONS  iNOtX 
PPM  LB/1000  lb  fuel 

INSTRUMENT 

SOURCE 

CO 

5b/, 3B 

38.18/ 

HECKMAN  NO I R 

CMX 

25.64 

2.644 

BECKMAN  FID 

NO 

26.41 

2.820 

AMI 

CHEMILUMINESCENCE 

NOX 

46,55 

4.970 

AMI 

CHEMILUMINESCENCE 

NO 

26.16 

2.795 

BECKMAN  NOIR 

NOX 

m m m m 

30,53 

4.114 

BECKMAN  [NOIR  ♦ NOU V ) 

ABSOLUTE  MUMIUITY  ■ 24, 0B  GRAINS  Ptk  PUUNO  OF  ORY  AIR 
SMOKE  NUMBER  » 27,03 


Figure  21.  Baseline  Liner  Rig  Data  at  40%  Power. 
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LuMOUSTiUN  REStARCH  L ABuR  A TORY  - PEASIBILITY 
r t: 3 irPt  LUMcuSTGk  TEST  - RIG  B/U  107,  TEST  StMJES 
iOl'EL  25U-L2B6  UAsELlNt  LlNtR,  P / N 68714B6,  N077LE 
rtsi  uAtt:  0b,l9//4  TIME 


RIG  EXPERIMENTS 
•A  , HEADING  « 
S/N  AG2032.  JP4 
OP  DAY ; 1232:23 


1336 

fuel. 

hoops 


CVCLt  PulNl  y 

**••****•*••*••*■**•**«  t A HEH I MEN  T AL 

iURNt R AIR  PLU*  2.049  Lh/SfcC 

AVG  OURNtR  iMLtT  PR  E S b*”  , 1 PSIA 
AVG  OURNtR  ot.  L T A p 0.61  "HG 

OVERALL  P/A  HATH)  .P159B  (F/M) 

Aik  LOAu  PALlUR  1.0023 

3GT  Hut  SPOT!  h 38  i 1/36.  OtG  P 
fuel  Inllt  itiPtRATukt  to,  utG  P 


55*  POWER  SETTING 
CONDITIONS  ********** ****** ******* 

AVG  BURNkH  INLET  TEhP  465.  DEG  F 
AVG  BURNER  OUTLtT  TEMP  1546.  DEG  F 


PRESSURE.  LOSS 
PUEL  FLUH  PATE 
PATTERN  PACtOP 
PAX  BUT  / AVG  HOT 
FUEL  INLET  PRESSURE 


4.16  X 

163.11  LB/HR 
.20163 
1.1403 
292.3  PSIA 


it A f LOADING  Parameter  .44l7vEi»:7  u T U/HOUR / A T M /CUB I C FOOT  (V*  . 127315) 


oUk'N'tk  UUTLt  T TEMPERATURE  SURVEY 


10  1 1 NP  10  TtMP 
annulus  1 21  1636,  2 4 149*1. 
ANNULUS  2 22  13/4.  23  149/. 
ANNULUS  3 23  12/6,  26  15p1. 


10  TEMP  XL.  TEMP  ID  TEMP 
27  1576.  30  1380.  33  1507. 
26  1566,  31  1486.  34  1463. 
29  1536.  32  1266.  33  1216. 


ID  TtHp  ID  TEMP 

36  1501.  39  1724. 

37  1701.  40  1739, 
oH  1756.  41  1663. 


lem  siut  •*»*••»*****  aip  inlet  tube  conditions  *** 

TOTAL  PHtSSURt  60.02  PSIA  TuTAL  PRESSURE 

Aik  TEMPtRAtUKt  4u3.  UEG  f AIR  TEMPERATURE 


COMuUSIO*  OuTtR  CASt  STATIC  PktSSUHt 


**  RIGHT  SIOE 
80.  U8  PSIA 
465.  DEG  P 
14.37  PSIA 


AIR  P LO*  DATA!  P-RLF*  116.3  PslA  OtLTA  P*  3.30  "HG  T-REF*  67.  OEG  P 
PutL  SYSTEM  data: 

FUtL  P/M  PHEUUP.nCY  395.  H*  VOLUMETRIC  PLOW  RATL  26.01  GAL/HR 

PutL  PRtSSUKt  »T  P/M  3n4,6  PSIA  fuel  temp  AT  F/M  »3.  DFG  f 


SKIN  TP'MPtRATUkE  SURVtY: 

44a*  03/ . utG  P 443*  903.  OEG  F 440«  1149.  UEG  F 447»  1124.  DEG  F 

44 6*  116/,  UtG  P 4 


G»s  ANALYSIS  DATA  PUR  GAS  SAMPLES  TAKLN  IN  THt  E.xmaUST  DUCT 
untMlLAC  P/A  RATIO:  .610438  LOMfcUS  T ION  tPFICIENCY:  99.4436  X 

MtASUktU  C02:  3.417  X Mp.ASURtD  02:  16.30  X CALCULAltU  u2:  16.21  X 
ANALYSIS  CHttA:  P/A  is  .014844  a HP.  N CALCULATED  USING  Mt  ASUhEO  02  VALUE 


tP'ISSIONS  «t  ASURtMENTS 
LONLtNTRATiOK  emissions  index 
PPM  te/1000  L 6 FUEL 

Instrument 

SuukCt 

LO 

302 . 90 

23.650 

dPXKMAN  noir 

LnK 

6.27 

,605 

dPCKHAN  PJP 

NO 

29.46 

2,909 

• Ml 

LHtMILUPilNP.  SCtNCE 

NUX 

31.04 

5.239 

AMI 

CHEMILUMINESCENCE 

NO 

36.34 

3.91b 

rtPCKMAN  NO  1 W 

NUK 

mm  mm 

53.69 

5.447 

dE  LKM AN  CnDIR  ♦ NOUV) 

ABSULUft  MUM1011Y  « 6.72  GRAINS  PER  POUND  OP  CRY  AIR 

SnLKt  NUMBtR  * 39,90 


Figure  22.  Baseline  Liner  Rig  Data  at  55%  Power. 
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lU»0U»!Ji:i<  L*r('NATC'HY  - EhASlblLlTV  bTG  cXpEkInENTS 

Tn3  TYPE  Cu^b'iS  I On  I K S*  T - »-  1 r.  n/n  U7,  US!  StPltS  -A  , NEAPING  * 1339 

'iUutt  2‘>if-C?i'io  UnSolInE  LlNt.P,  V!  00/1460,  Ntj/7Lt  S/N  AG2P02.  J P 4 KIEL. 

tlst  u»n.  s cc/i^z/4  Tint  oe  uay:  12!>4:  t mDuBS 


CYU.  t Pul  n I c 

• »»•*•**»•**•**•*•»•*•*  t * p t H 1 A t v) 

3uN.<tB  Miw  EH"*  3,115  Co/stL 

4VG  t.UK-.tH  1NLLT  P'Bf.S  93.3  PSIA 
AYG  UUnnEB  OfcLTA  p 7,*7  "MO 

JYt'ALL  E / A h»UH  ...  loot  lE/M) 
AIN  LOAO  EftCIoK  l.k'«l'* 

Jur  Mill  SPOl  S « AO  * 19.-9.  UtG  E 
Putt  If'ttT  Tt'-PtX«TljMt  *0.  ufcG  E 
Be  A T LUAulNG  P AN  A PE  I tY  .49103t*ti/ 


7 5*  PUNEP  if  TT 1NG 
«L  lUM'ItiPE'G  •*»*.*»«*••*«**♦•*»*••• 

AY6  Hu PnER  1HM  TEPP  515.  U EG  f 
AVI;  BliKPtP  OllTLLT  TtPP  1751.  Of  G E 
PNISSL’BE  LOSS  3.72  * 

EoEL  FU'A  BATt  211. AM  lM/hb 

PATTERN  PAClriH  .14345 

PAX  Kui  / AVG  BUT  1.1013 

EuEL  INLET  PRESSURE  3M.4  PSIA 
Blu/MUUB/ATM/CualC  Foot  ( V ■ .127315) 
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GAS  analysis  DATA  Eon  gas  samples  Taken  In  the  exhaust  DUCT 
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Figure  23.  Baseline  Liner  Rig  Data  at  75%  Power. 
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CuMBUSTIun  wtbfcAkLH  l»muRaTORY  - FEASIBILITY 
r 63  TYPt  LUMBuSHir  ttST  - RiG  b/U  U<7,  TEST  stilts 
iUi/tL  254-C28c  oAStLlNt  UlNtK,  R/n  0671486,  NOZZLE 
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Figure  24.  Baseline  Liner  Rig  Data  at  100%  Pbwer. 
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Figure  25.  Baseline  Liner  Exhaust  Pattern  Factor  Comparison. 
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PRODUCTION  BASELINE  COMBUSTOR  RIG  TEST  (REPEAT)  AT  100S  POWER  CONDITIONS 
TEST  OATE  * 6*16*74  REA0IN6  NUMBER  « 1340  INLET  TEMP  = 569. 

EN6INE  NUMBER /NAME  ■ COMB.  Rib  / MODEL  2S0-C20B  ENGINE  tot  = 1490. 

OUTER  CASE  NUMBER /NAME  * 

LINER  NUMBER/NAHE  • 


AVERASE  TEMPERATURE 
maximum  TEMPERATURE 
(AVB'INLETI  TEMP 
(MAX-AV6)  TEMP 
MAX  TENP/AV8  TEMP 
(NAX*Av6>/IAV6*IN> 
(AV6-AV6  TOTAL) 
(TIP-HUB)  AVS  TEMP 
( AV6  TOTAL-TOT) 


6670992 

6671466 

/ PRODUCTION  BASELINE 
/ PRODUCTION  BASELINE 

• • i 

•••ANNULUS** 

» • • • 

HUB 

HIO 

IIP 

TOTAL 

2020.3 

2035.9 

1936.0 

1996.0 

2179.0 

2209.0 

2177.0 

2209.0 

1451.3 

1466.9 

1369.0 

1429.0 

156,7 

173.1 

239.0 

211.0 

1.0766 

1.0650 

1.1233 

1.1056 

0.1094 

0.1160 

0.1746 

0.1476 

22.2 

37.6 

*60.0 

-02.3 

506.0 

Figure  26.  Baseline  Liner  Exhaust  Temperatures  at  100%  Power,  Repeat 
Test. 
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Plots  of  the  final  baseline  combustor  exhaust  emissions  data  are  given  in 
Figures  27  through  30.  Converting  these  data  to  emission  index  values 
and  time-weight  averaging  them  over  the  LOH  duty  cycle  result  in  the 
cycle  emissions  shown  in  the  top  portion  of  Table  8.  Over  the  duty  cycle, 
the  total  exhaust  emissions  (CO,  CHX,  NOx)  were  31.639  gm  of  emissions 
per  kg  of  fuel.  The  exhaust  emissions  for  the  liner  as  tested  in  the  pre- 
vious program  at  T63-A-5A  engine  conditions  are  shown  in  the  lower  por- 
tion of  Table  8*  The  time-weight-averaged  emission  index  total  over  the 
LOH  were  very  similar  for  each  set  of  engine  conditions. 

There  was  no  thermal  paint  run  made  subsequent  to  the  repair  of  the  com- 
bustor. However,  liner  metal  temperatures  were  recorded  and  appear  in 
Figure  31. 

PRECHAMBER  COMBUSTOR 

Both  the  prechamber  design  concept  and  the  modified  conventional  com- 
bustor design  concept,  discussed  in  the  next  section,  were  developed 
simultaneously  in  the  DDA  Combustion  Research  Facility.  Beginning  with 
the  technology-demonstration  combustors  from  the  previous  contract,  each 
combustor  system  was  further  developed  through  a series  of  combustor 
rig  tests  toward  achieving  the  performance  acceptance  criteria  defined  in 
Table  2.  The  previous  program  utilized  the  operating  conditions  of  the 
T63-A-5A  (Military)  or  the  Model  250-C 19  (commercial)  engine,  which  pro- 
duced a guaranteed  317  hp  and  a nominal  335  hp  at  take-off.  This  program 
used  the  uprated  version  of  the  commercial  engine,  the  Model  250-C20B, 
which  produced  420  hp  at  takeoff,  because  this  engine  was  replacing  the 
majority  of  the  lower  horsepower  engines  and  would  be  more  representa- 
tive of  the  turboshaft  engine  specified  in  future  military  aircraft. 

A 50%  reduction  in  LOH  duty-cycle  time-weighted  total  emissions  was  the 
primary  goal  to  be  maintained  during  this  combustor  development.  How- 
ever, the  program  was  also  to  produce  a combustor  that  would  be  engine 
worthy:  i.e. , good  exhaust  temperature  profile,  low  pressure  drop,  satis- 
factory metal  temperatures,  stability,  lean  blow  out  margin,  acceptable 
ignition,  and  compatible  size. 

Each  low-emission  combustor  system  utilized  a production  Model  250- 
C20B  outer  combustion  case,  modified  to  accept  the  changes  required  for 
each  particular  liner.  For  the  prechamber  combustor,  the  outer-case 
dome  was  removed  and  a three-inch  cylindrical  section  added  to  lengthen 
the  overall  case  length  by  three  inches.  The  flow  distribution  basket  was 
removed  and  a new  one  installed  having  significantly  more  throughput 
area  to  reduce  the  liner's  dependence  on  the  basket  hole  pattern.  Ex- 
ternal and  internal  photographs  of  the  prechamber  outer  case  are  shown 
in  Figures  32  and  33. 
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Unb 


Percent  Output  Horsepower 


Figure  27.  Unburned  Hydrocarbon  Emissions  Found  With 
Baseline  Liner. 
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Nitrogen  Oxides  Emissions  Index  - gm  NOx/kg  Fuel 


Percent  Output  Horsepower 

Figure  29.  Nitrogen  Oxide  Emissions  Found  with  Baseline  Liner. 
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TABLE  8.  TIME-WEIGHT-AVERAGED  LOH  DUTY  CYCLE  EMISSIONS 
FOR  BASELINE  LINERS. 


PRODUCTION  MODEL  250-C20B  BASELINE  COMBUSTOR  RIG  TEST.  JP-4  FUEL  TESTED  6-18-74 


rog  no  t/t  total 


El  CO  El  NOX  El  TOTAL  SMOKE  NO 


0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1333. 

0.15 

70.36 

23.062 

90.877 

3.076 

117.015 

11.12 

1334. 

0.00 

107,28 

8.521 

55.784 

3.797 

68.10? 

20.80 

1335. 

0.15 

138.17 

2.644 

38.187 

4.114 

44.945 

27.03 

1338. 

0.45 

163.11 

0.805 

23.650 

5.447 

29.902 

39.90 

1339. 

0.20 

2H.40 

0.163 

7.775 

6.002 

13.940 

42.34 

1340. 

0.05 

261.96 

0.146 

1.452 

7.061 

8.661 

39.91 

CYCLE  TOTALS 

160.06 

2.287 

23.955 

5.397 

31.639 

42.34 

percent  of  baseline 

100.00 

100.00 

100.00 

100.00 

100.00 

PRODUCTION  T63 

-A-5A 

baseline  combustor  rig 

TEST.  JP 

-4  FUEL 

TESTED- 

11-9-71  1 

ROG  NO  T/T 

total 

UF 

El  CHX 

El  CO 

El  NOX 

El  total  smoke  NO 

0. 

n.oo 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

54. 

0.15 

73.17 

14.126 

80.100 

2.505 

96.731 

3.00 

57. 

0.00 

95.35 

4.703 

52.603 

4.244 

61.550 

7.00 

63. 

0.15 

118.49 

1.864 

37.141 

5.060 

44.065 

12.00 

69. 

0.45 

142.41 

0.437 

25.948 

5.076 

31.461 

17.00 

75. 

0.20 

177.12 

0.065 

12.716 

5.658 

18.439 

25.00 

87. 

0.05 

228.39 

0.047 

3.717 

6.628 

10.39? 

30.00 

CYCLE  TOTALS 

139.73 

1.567 

26.446 

5.147 

33.160 

30.00 

PERCENT  of  baseline 

87.30 

68.53 

110.40 

95.37 

104.81 

Liner  Metal  Temperature 


Percent  Output  Horsepower 

Figure  31.  Baseline  Liner  Metal  Temperatures,  Repeat  Test. 
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Figure  33.  Internal  View  of  Prechamber  Outer  Combustion  Case. 


The  emissions  technology  prechamber  combustor  was  operated  with  two 
fuel  systems:  a wall-fuel-film  vaporizing  system  and  a center-point,  dual- 
orifice, pressure-atomizing  fuel  nozzle  system  (essentially  the  production 
fuel  nozzle).  However,  these  liners  were  ignited  with  a methane -oxygen 
torch,  and  thus  had  no  light-off  problems.  For  the  combustors  developed 
in  this  program,  standard  capacitive-discharge  ignition  was  required, 
which  has  been  shown  from  other  DDA  combustion  development  programs 
to  be  incapable  of  igniting  wall-fuel-film  systems  at  ambient  or  slightly 
elevated  temperatures.  Therefore,  for  this  program  only,  the  centerpoint, 
pressure  atomizing  system  was  considered. 
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After  repair  of  the  combustor  rig,  it  was  deemed  that,  because  of  the 
higher  thermal  loading  at  the  Model  250-C20B  conditions,  the  takeoff  per- 
formance of  the  combustors  should  not  be  documented  unless  the  perform- 
ance at  lower  power  conditions  was  sufficiently  good  to  warrant  a check  of 
the  100%  power  point.  Since  the  emission  goals  were  based  on  time- 
weighted  steady- state  performance,  the  deletion  of  the  takeoff  or  100% 
power  point  did  not  significantly  affect  the  total  cycle  results  because  the 
takeoff  point  had  only  a 5%  weighting  factor.  Table  9 shows  three  sets  of 
baseline  rig  data:  data  through  100%  power,  data  only  through  75%  power 
(100%  hp  data  deleted),  and  data  through  55%  power  (75  and  100%  hp  data 
deleted). 

The  percentages  of  baseline  figures  for  each  are  based  on  the  entire  data 
set  and  show  the  changes  in  the  cycle -averaged  emission  index  as  data 
are  removed  from  the  data  set.  From  Table  9 it  is  clear  that  deleting 
the  100%  power  data  produced  less  than  a 10%  change  in  the  individual  and 
total  emission  index  cycle  totals.  The  removal  of  two  points  or  more  from 
the  cycle  creates  significant  changes  in  the  emissions  cycle  totals  and 
could  mask  any  real  trends  in  the  data  or  any  estimate  in  the  cycle  totals 
for  a full  data  set. 

Each  of  the  prechamber  combustors  tested  during  the  development  phase 
of  the  program  will  be  briefly  described  in  this  section.  The  final  engine 
design  will  be  treated  more  thoroughly,  and  a set  of  summary  tables  will 
be  presented  which  give  pertinent  design  parameters  and  performance 
parameters  of  interest. 

Prechamber  Liner  No.  1 

The  technology  demonstrator  prechamber  liner,  developed  during  the  pre- 
vious contract,  is  shown  in  Figure  34.  This  particular  version  was  a wall- 
fuel-film  vaporization  liner  and  could  not  be  operated  with  the  center 
point  fuel  nozzle.  This  liner  had  a large  volume  precombustion  or  pre- 
chamber  section  which  was  relatively  lean,  more  so  than  previous  experi- 
ence had  shown  to  be  best  for  center  point  fuel  injection.  Thus,  the  liner 
was  modified  to  richen  the  prechamber  section  and  the  reaction  zone. 

These  changes  were  made: 

1.  The  bulletnose  center  body  was  removed  so  that  a centerpoint  fuel 
nozzle  could  be  used. 

2.  A portion  of  the  swirler  inlet  was  blocked  to  richen  the  precham- 
ber section. 

3.  A spark  plug  ferrule  was  added  through  the  swirler  (same  location 
as  on  baseline  liner). 


73 


TABLE  9.  TIME -WEIGHT -AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  SHOWING 
SENSITIVITY  TO  THE  ABSENCE  AT  CYCLE  POINT  DATA. 


PRODUCTION  250-C20B 

BASELINE 

COMBUSTOR 

(DATA  THRU 

1008  HP) 

RIG  TESTEO  6-16-74 

RD6  NO  T/T 

TOTAL 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1333. 

0.15 

70.36 

23.062 

90.877 

3.076 

117.015 

11.12 

1334. 

0.00 

107.28 

8.521 

55.784 

3.797 

68.102 

20.80 

1335. 

0.15 

138.17 

2.644 

38.187 

4.114 

44.943 

27.03 

1338. 

0.85 

163.11 

0.805 

23.650 

5.447 

29.90? 

39.90 

1339. 

0.20 

211.40 

0.163 

7.775 

6.002 

13.940 

42,34 

1340. 

0.05 

261.96 

0.148 

1.452 

7.061 

8.661 

39.91 

erect  totals 

160.06 

2.287 

23.955 

5.397 

31.639 

42.34 

percent  OF  BASELINE 

100.00 

100.00 

100.00 

100.00 

100.00 

PRODUCTION  250.C20B 

BASELINE 

COHBUSTOR 

(OATA  THRU 

758  HP  1 

RI6  TESTEO  6-18-74 

RO(i  NO  T/T 

total 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1333. 

0.15 

70.36 

23.062 

90.877 

3.076 

117.015 

11.12 

1334. 

0.00 

107.28 

8.521 

55.764 

3.797 

68.102 

20.80 

1335. 

0.15 

138.17 

2.644 

38.187 

4.114 

44.945 

27.03 

1338. 

0.45 

163.11 

0.805 

23.650 

5.447 

29.902 

39.90 

1339. 

0.20 

211.40 

0.163 

7.775 

6.002 

13.940 

42.34 

0. 

0.05 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

CYCLE  TOTALS 

146.96 

2.478 

25.961 

5.246 

33.667 

42.34 

percent  of  baseline 

91.82 

108.34 

106.37 

97.25 

106.47 

PRODUCTION  250.C20B 

BASELINE 

COMBUSTOR 

IDATA  THRU 

558  HP  t 

RI6  TESTED  6-16-74 

RU6  NO  T/T 

total 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1333. 

0.15 

70.36 

23.062 

90.677 

3.076 

117.015 

11.12 

1334. 

0.00 

107.28 

8.521 

55.764 

3.797 

68.102 

20.80 

1335. 

0.15 

138.17 

2.644 

38.187 

4.114 

44,945 

27.03 

1338. 

0.45 

163.11 

0.805 

23.650 

5.447 

29.902 

39.90 

0. 

0.20 

0.00 

0.000 

0.000 

0.000 

0,000 

0.00 

0. 

0.05 

0.00 

0.000 

0.000 

0.000 

0,000 

0.00 

CYCLE  TOTALS 

104.68 

3.413 

33.306 

4.944 

41.663 

39.90 

PERCENT  OF  BASELINE 

65.40 

149.21 

139.03 

91.61 

131.68 
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4.  A row  of  36  holes  was  added  to  promote  the  mixing  of  fuel  and 
air  before  they  enter  the  reaction  zone.  Each  hole  was  0.  125  in. 
in  diameter  and  0.  500  in.  from  the  end  of  the  prechamber. 

5.  The  small  dilution  hole  blockage  strip  was  removed  to  richen  the 
reaction  zone. 

A photograph  of  the  hardware  is  shown  in  Figure  35,  as  it  was  tested.  The 
test  results  for  prechamber  liner  No.  1 are  given  in  Table  10.  Emission 
concentrations  except  for  the  unburned  hydrocarbons,  were  quite  high.  An 
emissions  analysis  and  a comparison  with  baseline  concentrations  are  pre- 
sented in  Table  11,  which  shows  that  not  nearly  enough  carbon  monoxide 
was  consumed  and  that  the  liner  was  extremely  smoky. 
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Figure  35.  Prechamber  Liner  No.  1,  EX- 114014. 


Prechamber  Liner  No.  2 


The  design  objectives  that  resulted  in  this  prechamber  configuration  were 
to  increase  the  prechamber  section  throughput  velocity  and  to  strengthen 
the  reaction  zone  recirculation.  These  objectives  were  sought  through  the 
following  modifications: 


1. 


2. 

3. 


The  prechamber  section  was  replaced  by  one  of  smaller  diameter 
(3.00  inches).  This  change  required  relocating  the  spark  plug, 
resulting  in  a longer  plug.  Figure  36,  which  could  pass  through 
the  side  wall  of  the  prechamber. 

A radial  inflow  swirler  was  added  at  the  exit  of  the  vaporizer 
tube  or  prechamber  to  augment  the  swirling  flow  from  the  axial 
swirler.  ✓ 

The  dilution  holes  were  covered  slightly  to  increase  the  pressure 
drop  and  to, maintain  airflow  through  the  axial  swirler  at  just 
under  15%. 
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Pattern  Factor  .2230  .2263  .1707  .1900  .19 48  .1856 


A photograph  of  this  prechamber  design  is  shown  in  Figure  37.  A sum- 
mary of  the  combustor  performance  data  is  presented  in  Table  12  and 
shows  quite  low  CO  and  CHX  levels,  but  higher  than  baseline  NOx»  and 
high  smoke  at  high  power  conditions.  Time-weighted  LOH  duty-cycle 
emissions  are  compared  with  baseline  levels  through  75%  power  condi- 
tions in  Table  13.  The  table  shows  that  the  exhaust  emissions  were 
lowered,  but  not  enough. 

Prechamber  Liner  No.  3 

This  prechamber  design  continued  the  design  concept  of  the  previous  ver- 
sion in  which  the  reaction  zone  airflow  was  increased  by  increasing  the 
throat  area  of  the  radial  swirler  and  decreasing  the  total  area  of  the  dilu- 
tion holes.  A photograph  of  this  combustor  is  given  in  Figure  38.  Com- 
bustor performance  at  standard  Model  250-C20B  operating  conditions  is 
presented  in  Table  14.  At  these  conditions  the  flame  was  unstable,  with 
a low-frequency  pulsing  of  a bright  yellow  flame  from  the  prechamber 
section  to  the  reaction  zone.  As  the  power  level  was  increased  from  idle 
to  25%  power  and  then  to  40%  power,  the  flashing  became  more  violent 
and  no  higher-power  data  were  recorded.  Because  of  the  flame  insta- 
bility, the  poor  exhaust-temperature  pattern  and  the  high  liner-metal 
temperatures,  four  data  points  were  recorded  at  a higher  aerodynamic 
loading  to  assess  the  effect  of  the  higher  velocities  and  the  greater  pres- 
sure drop  on  the  combustor's  performance.  The  higher  loading  was 
achieved  by  maintaining  inlet  airflow,  temp  rature,  and  fuel  flow  while 
decreasing  inlet  pressure.  In  this  manner,  the  liner- pressure  drop  in- 
creased approximately  60%,  from  2.9%  to  4.  6%.  At  this  higher  loading, 
recorded  in  Table  15,  the  flame  became  stable  and  changed  to  blue  in  the 
reaction  zone.  Exhaust  CO  increased,  NOx  decreased,  and  CHX  and 
smoke  remained  essentially  unchanged,  as  did  the  exhaust  temperature 
pattern  and  the  liner-metal  temperatures.  Emission  summaries  over  the 
LOH  duty  cycle  are  shown  for  both  loadings  in  Table  16. 

Prechamber  Liner  No.  4 

The  objective  for  this  combustor  design  was  to  improve  the  exhaust  tem- 
perature pattern  and  reduce  the  liner-metal  temperatures  of  the  previous 
design.  Thus,  the  changes  made  to  liner  No.  3 to  create  prechamber 
liner  No.  4 were  the  following: 

1.  The  six  outer  combustion  case  basket  holes,  which  were  4.00 
inches  long  by  2.  25  inches  wide,  were  shortened  by  2.  00  inches 
to  give  a larger  cylindrical  path  for  improving  convection  cool- 
ing. 
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Figure  37.  Prechamber  Liner  No.  2,  EX- 114016. 

2.  Thumbnail  scoops  were  added  to  the  downstream  edge  of  each  of 
the  six  dilution  holes  to  enhance  dilution  air  penetration  for  im- 
proved exhaust  temperature  profiles. 

3.  An  air  dam  was  added  just  behind  the  dilution  holes  to  improve 
the  dilution  air  feed  characteristics  and  to  eliminate  dilution  air 
overshoot  and  turbulence  around  the  back  end  of  the  liner. 

A photograph  of  this  liner  is  shown  in  Figure  39.  Initial  combustor  per- 
formance was  improved  over  the  previous  run,  especially  the  exhaust 
temperature  pattern,  but  the  liner  metal  temperature  behind  the  air  dam 
overheated  at  conditions  above  55%  power,  opening  the  seam  behind  the 
dilution  holes.  The  opening  of  this  seam  increased  the  liner  metal  tem- 
perature and  worsened  the  exhaust  temperature  profile  to  a point  where  it 
was  necessary  to  terminate  the  test.  The  data  from  the  run  are  sum- 
marized in  Table  17.  Emissions  were  relatively  constant  through  55% 
power  except  for  smoke,  which  increased  dramatically.  Exhaust  emis- 
sions are  compared  with  baseline  levels  over  a portion  of  the  LOII  duty 
cycle  in  Table  18. 
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TABLE  12.  COMBUSTION  SYSTEM  PERFORMANCE  OF  PRECHAMBER  LINER  NO. 
AT  MODEL  250-C20B  ENGINE  CONDITIONS 
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Pattern  Factor  .4158  .3600  .3710 
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TABLE  16.  TIME-WEIGHT-AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  BOR 
PRECHAMBER  LINER  NO.  3 ; 
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Prechamber  Liner  No.  5 

The  previous  three  prechamber  combustors  used  massive  amounts  of  swirl 
air  through  the  vaporizer  tube.  Temperature  profile,  stability,  and  ex- 
haust smoke  were  erratic  from  one  test  to  another  with  no  consistent  im- 
provement trend.  Also,  all  of  the  prechamber  combustors  had  operated 
with  high  liner-metal  temperatures.  Therefore,  the  next  prechamber 
liner  incorporated  changes  specifically  directed  toward  solving  these  de- 
ficiencies. 

1.  The  radial  swirler  was  removed  and  the  vaporizer  tube  was  shor- 
tened 0.50  inch  to  3.00  inches  overall.  The  side-mounted  spark 
igniter  was  moved  1.00  inch  upstream  for  improved  light-off. 

2.  A row  of  twelve  0.  360-inch-diameter  primary  holes  were  added 
1.28  inches  downstream  of  the  vaporizer  tube  exit  in  the  reaction 
zone. 

3.  The  total  of  1.25  inches  of  axial  length  removed  from  the  vapor- 
izer tube  (0.  50  inch)  and  radial  swirler  (0.  75  inch)  were  added 
to  the  back  of  the  reaction  zone. 

4.  A reverse-flow  film  cooling  annulus  was  added  at  the  back  of  the 
reaction  zone  to  cool  the  cylindrical  section  of  that  portion  of  the 
liner. 

5.  Two  of  the  six  1.  300 -inch -diameter  dilution  holes  were  closed, 
and  the  remaining  four,  one  30°  above  and  one  30°  below  hori- 
zontal on  each  side  of  the  liner,  were  increased  to  1.500  inches 
in  diameter  with  individual,  external  aft  air  dams  and  internal 
aft  thumbnail  scoops. 

6.  Also,  a row  of  72  film  cooling  holes  of  0.062  inch  in  diameter 
each  were  added  downstream  of  the  dilution  holes  to  cool  the  ex 
haust  metal  and  rear  seal  area  of  the  liner. 

7.  The  fuel  nozzle  was  also  changed  from  the  baseline  production, 
dual-orifice,  pressure  atomizing  injector  to  the  separately  con- 
trolled pilot,  airblast  main  ftiel  injector,  EX- 11 4779,  see  Figure 
40. 

A photograph  of  prechamber  liner  No.  5 is  shown  in  Figure  41.  The  initial 
data  point  for  this  liner  was  operational  idle  at  standard  Model  250-C20B 
conditions  with  no  pilot  fuel  nozzle  fuel  flow.  These  data  are  shown  in 
Table  19.  All  emissions  were  high,  so  the  fuel  nozzle  flows  were  adjusted 
until  the  pilot  was  flowing  at  approximately  40  lb /hr  and  the  main  airblast 
fuel  system  was  flowing  the  balance,  or  30  lb /hr.  For  this  condition,  CO, 
CHX,  and  smoke  increased,  and  NOx  concentrations  decreased.  The  same 
idle  condition  was  run  at  a higher  aerodynamic  loading  (increased  air  mass 
flow)  and  a 5.  0 lb/hr  pilot  fuel  flow.  As  seen  in  Table  20,  CO,  CHX,  and 
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Figure  40.  Airblast  Fuel  Nozzle,  EX- 114779,  with  Screen 
Impingement,  Controlled  Pilot. 
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Figure  41.  Prechamber  Liner  No.  5,  EX-115256. 


smoke  decreased  dramatically,  by  nearly  an  order  of  magnitude.  Exhaust 
patterns,  however,  remained  poor.  Data  were  also  recorded  at  25%,  40%, 
and  55%  power  at  the  high  loading  that  indicated  a combustor  pressure  drop 
of  approximately  3.8%.  No  emissions  data  were  recorded  at  75%  power  or 
above  because  of  the  high  temperatures  measured  in  the  combustor  exit. 
The  emission  index  values  through  55%  power  at  the  high  loading  are  shown 
in  Table  21.  Both  CO  and  CHX  were  quite  low,  with  smoke  almost  non- 
existent, but  NOx  emissions  were  nearly  50%  higher  than  baseline. 

Prechamber  Liner  No.  6 

Only  a single  change  was  made  to  prechamber  liner  No.  5 to  produce  pre- 
chamber liner  No.  6.  As  can  be  seen  in  Figure  42,  dilution  hole  covers 
were  added  to  close  the  upstream  0.  50  inch  of  each  dilution  hole.  This 
reduction  in  the  dilution  hole  area  lowered  the  total  liner  area,  thus  in- 
creasing the  pressure  drop,  and  also  increased  the  fraction  of  the  airflow 
entering  the  reaction  zone,  thus  leaning  the  primary. 
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TABLE  19.  COMBUSTION  SYSTEM  PERFORMANCE  OF  PRECHAMBER  LINER  NO. 
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A summary  of  the  test  data  is  shown  in  Table  22  for  the  four  operating 
conditions  tested.  Of  particular  interest  is  the  exhaust  emissions  sensi- 
tivity to  varying  amounts  of  pilot  fuel  flow  from  airblast  fuel  nozzle 
EX- 11 4779.  At  operational  idle,  an  increase  in  pilot  flow  from  10  to  40 
lb/hr  increased  all  exhaust  emissions,  particularly  CO  and  CHX.  A simi- 
lar trend  was  exhibited  at  25%  power.  At  low  pilot  flows,  exhaust  smoke 
was  zero.  The  exhaust  temperature  pattern  appeared  to  be  improving  al- 
though not  yet  satisfactory.  Also,  the  measured  liner  metal  temperatures 
were  below  1300°F  through  75%  power,  thus  showing  promise  of  good  dura- 
bility. Constituent  and  total  emission  index  values  are  shown  in  Table  23 
for  the  data  recorded  at  the  lowest  pilot  fuel-flow  rates.  The  CO,  CH 
and  smoke  levels  were  well  within  contract  goals,  but  NOx  emissions  were 
quite  high. 

Prechamber  Liner  No.  7 


A photograph  of  the  seventh  version  of  the  prechamber  combustor  liner  is 

shown  in  Figure  43,  Changes  in  this  liner  from  the  previous  version  fol- 
low; 

1.  A set  of  12,  equally-spaced,  intermediate -quench  air  holes  were 
added  downstream  of  the  primary  holes.  The  top  two  and  bottom 
two  holes  were  . 438  inch  in  diameter  and  the  four  holes  of  each 
side  were  . 375  inch  in  diameter. 


Figure  42.  Prechamber  Liner  No.  6,  EX-115861. 
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Pattern  Factor  .2349  -3261  .29^9  .3138  .2867  .2790  .2737 


2.  The  . 500 -inch  covers  on  the  upstream  portion  of  the  dilution  holes 
were  replaced  with  . 750-inch  covers,  thus  further  reducing  the 
dilution  air. 


Data  from  the  combustor  rig  test  of  this  liner  are  summarized  in  Table  24. 
For  several  operating  conditions,  data  were  recorded  for  both  main  plus 
pilot  flows  through  the  fuel  nozzle  and  for  main  only.  The  addition  of  pilot 
fuel  flow  generally  increased  exhaust  concentrations  of  CHX,  CO,  and 
smoke,  but  decreased  the  NOx  concentrations.  The  exhaust  pattern  was 
unaffected  by  pilot  fuel  rates,  but  the  liner  skin  temperatures  generally 
decreased  with  increasing  pilot  fuel  rates.  Skin  temperatures  around  the 
reaction  zone  were  measured  at  1750-1  900°F  for  100%  power.  Again,  the 
NO  emissions  were  quite  high,  as  can  be  seen  from  the  comparison  with 
baseline  NOx  over  the  LOH  duty  cycle  in  Table  25.  Three  sets  of  duty 
cycle  emissions  also  are  shown  in  Table  25,  the  main  and  pilot  fuel  sys- 
tems in  airblast  nozzle  EX- 114779  operating  simultaneously,  the  main 
airblast  fuel  system  operating  alone  (no  pilot),  and  main  plus  pilot  sys 
terns  operating  under  the  same  conditions  as  for  the  main -system -only 
data,  i.  e.,  without  the  75%  and  100%  power  points. 


Figure  43.  Prechamber  Liner  No.  7,  EX- 115864. 
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TABLE  24.  COMBUSTION  SYSTEM  PERFORMANCE  OF  PRECHAMBER  LINER  NO. 
USING  DDA  AIRBLAST  FUEL  NOZZLE  EX-114779  AT 
MODEL  2S0-C20B  ENGINE  CONDITIONS  (PART  2 OF  2) 
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TABLE  25.  TIME- WEIGHT- AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  FOR 


PRECHAMBER  LINER  NO.  7 


r ■ 

PRECHAMBER  liner  no. 

7.  Ex-115866.  NOZZLE 

EA-114779 

• MAIN  ♦ 

PILOT  RIG 

10-7-74 

ROG  NO  T/T 

total 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

1596. 

0 . 00 

62.33 

6.245 

30.642 

3.137 

38.024 

3.93 

1598. 

0.15 

72.66 

1.211 

18.970 

4 .689 

24.870 

4.49 

1599. 

0.00 

106.44 

0.178 

6.166 

6.452 

12.796 

10.55 

1600. 

0.15 

136.81 

0.146 

2.885 

10.695 

13.726 

0.00 

1603. 

0.45 

162.98 

0.109 

2.466 

10.543 

13.118 

4.31 

1604. 

0.20 

210.02 

0.111 

1.158 

17.976 

19.245 

6 1 86 

1605. 

0.05 

256.96 

0.192 

0.751 

21.425 

22.368 

13.79 

CYCLE  TOTALS 

159.61 

0.196 

3.165 

12.995 

16.356 

13.79 

percent  of  baseline 

99.72 

8.58 

13.21 

240.79 

51.69 

PRECHAMBER  LINER  no. 

7.  Ex-115864.  NOZZLE 

EX-114779 

• MAIN  ONLY  RIG 

M 

O 

1 

1 

->4 

4? 

ROG  NO  T/T 

total 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

1595. 

0.00 

62.12 

0.848 

15.683 

4.686 

21.217 

2.80 

1597. 

0.15 

73.59 

0.371 

11.720 

4.783 

16.674 

1.20 

0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1601. 

0.15 

136.62 

0.132 

2.514 

10.515 

13.161 

0,00 

1602. 

0.65 

163.13 

0.103 

1.890 

12.993 

14.986 

0.00 

0. 

0.20 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

0. 

0.05 

0.00 

0.000 

U.000 

0.000 

0.000 

0.00 

CYCLE  TOTALS 

106.96 

0.137 

3.046 

11.646 

14.828 

2.80 

percent  of  baseline 

100.25 

4.01 

9.15 

235.55 

35.59 

PRECHAMBER  liner  no. 

7.  Ex-115866.  NOZZLE 

EX-114779 

. M+P  AT 

M ONLY  RIG 

10-7-74 

ROG  NO  T/T 

TOTAL 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

1596. 

0.00 

62.33 

4.245 

30.642 

3.137 

38.024 

3.93 

1598. 

0.15 

72.66 

1.211 

18.970 

4.689 

24.870 

4.49 

0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1600. 

0.13 

136.81 

0.146 

2.885 

10.695 

13.726 

0.00 

1603. 

0.65 

162.98 

0.109 

2.466 

10.543 

13.118 

4.31 

0. 

0.20 

0.00 

0.000 

0.000 

0,000 

0.000 

0.00 

0. 

0.05 

U.00 

0.000 

0.000 

0.000 

0.000 

0.00 

CYCLE  TOTALS 

106.76 

0.231 

4.265 

9.964 

14.460 

4.49 

percent  of  baseline 

100.08 

6.76 

12.81 

201.53 

34.71 

Prechamber  Liner  No.  8 


Only  a single  change  was  made  to  prechamber  liner  No.  7 to  produce  pre- 
chamber  liner  No.  8.  As  can  be  seen,  the  liner  remains  unchanged  except 
for  the  row  of  twelve  . 360-inch-diameter  primary  holes  being  closed. 

This  enrichened  the  liner  considerably  in  the  forward  end  of  the  reaction 
zone.  Since  no  other  liner  areas  were  changed,  this  reduction  in  area  in- 
creased the  pressure  drop  another  1.0%,  to  approximately  5.0%. 

Combustor  performance  data  for  prechamber  liner  No.  8 are  summarized 
in  Table  26.  As  shown,  some  different  pilot  fuel  flows  through  nozzle 
EX-114779  were  also  investigated  as  well  as  the  all  main-airblast  fuel 
system  noted  by  zero  pilot  flows.  Closing  the  primary  holes  allowed  the 
reaction  zone  liner-metal  temperature  to  increase  severely,  to  nearly 
2000 °F  at  40%  power  conditions.  Therefore,  the  test  was  terminated  after 
35%  power  data  were  recorded,  to  avoid  damaging  the  liner. 

Unburned  hydrocarbons  and  smoke  were  essentially  zero  for  all  data 
points,  and  carbon  monoxide  was  quite  low  also.  However,  nitrogen 
oxides  concentrations  were  only  slightly  affected  by  closing  the  primary 
holes.  LOH  duty  cycle  emissions  through  55%  power  are  presented  in 
Table  27  for  the  main -only  fuel  flows. 

The  conclusions  from  this  test  were  that  the  primary  holes  in  prechamber 
liner  No.  7 provided  a significant  degree  of  liner  cooling  in  the  reaction 
zone.  Closing  these  holes  in  liner  No.  8 produced  the  high  skin  tempera- 
tures experienced.  The  combination  of  rich  fuel-air  mixtures  and  a large 
reaction  zone  volume  produced  the  high  NOx  concentrations  at  high -power 
operating  conditions.  The  intermediate  holes  have  been  effective  in  im- 
proving the  exhaust  temperature  pattern,  and  changes  in  the  dilution  holes 
will  probably  further  improve  the  pattern. 

Prechamber  Liner  No.  9 

The  ninth  version  of  the  prechamber  combustor  liner  is  shown  in  Figure 
44.  The  changes  in  this  liner  from  the  previous  version.  No.  8,  are  as 
follows: 

1.  A row  of  36  holes  of  . 125  inch  diameter  were  added  at  the  end  of 
the  vaporizer  tube  to  provide  additional  air  for  leaning  the  fuel- 
air  mixture  entering  the  reaction  zone  and  providing  some  cooling 
effect  for  the  reaction  zone  dome. 

2.  A second  reverse-flow,  film-cooling  baffle  was  added  upstream 
of  the  intermediate  holes  to  provide  cooling  to  the  cylindrical 
portion  of  the  reaction  zone. 


TABLE  26.  COMBUSTION  SYSTEM  PERFORMANCE  OF  PRECHAMBER  LINER  NO 
USING  DDA  AIRBLAST  FUEL  NOZZLE  EX- 114779  AT 
MODEL  250-C20B  ENGINE  CONDITIONS 
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Figure  44.  Prechamber  Liner  No.  9,  EX- 115888. 


3.  The  twelve  intermediate  holes  were  enlarged  to  . 500  inch  for  the 
two  top  and  bottom  holes,  and  to  . 438  inch  for  the  four  holes  on 
each  side.  This  change  was  to  produce  deeper  penetration  into 
the  gas  leaving  the  reaction  zone  to  improve  the  mixing  and  homo- 
geneity of  the  intermediate  zone. 

4.  The  dilution -hole  pattern  was  returned  to  an  equally-spaced  six- 
hole  pattern  of  .8125  inch  in  diameter  holes. 

Data  from  the  combustor  rig  test  of  this  liner  are  summarized  in  Table 
28.  At  operational  idle  conditions,  data  were  recorded  for  both  main  with 
pilot  flow  and  for  main  flow  only.  The  addition  of  pilot  fuel  flow  further 
increased  exhaust  CO  and  CHX  concentrations.  The  exhaust  pattern  was 
also  slightly  degraded  by  pilot  fuel.  Liner  metal  temperatures  decreased 
significantly  with  the  additional  cooling. 

The  additional  air  injected  into  the  reaction  zone  reduced  the  fuel-air  mix- 
ture in  this  region,  producing  fuel-lean  combustion  with  its  high  concen- 
trations of  CHX  and  CO  at  idle,  which  exceeded  the  idle  concentrations  of 
the  baseline  liner.  By  25%  power  conditions,  the  combustion  character 
changed  from  fuel  lean  to  fuel  rich,  as  shown  by  the  sizeable  drop  in  CHX 


106 


m o 
o-  • 


-4  t'"-  • — i CO  ' — l 


K 

U 

W <-H 
VC  iH 

^ >< 
u,ww 
o z 

w o 

W-lH 

UNh 

Z M (— l 

<.  O Q 

2?  Z Z 

2 o 

o ju 
u.  w 
a;  3 w 
w u,  z 

(X  l-H 

H U 

S w Z 

w < w 

H i— 1 
c/2  PQ  pa 
>-  VC  o 
t/1  hn 
< u 

Z I 

o < O 
i— i ca  lo 

HOn 

co 

3UJ 
nZu 
S HH  Q 
O to  O 
U 3 3S 


x> 

COO 

<u 


CM  CM  VO 

rH  vO 


in  c*-  in  o vO 

• • • • rH 

rH  CV1  VO 

H C\J  4 00 

•4 


in  o co  o co 

• • • • CTn 

C\J  VD 

o co  on  cm 

no 


CM 

CM 

on 

-4 

CM 

LP\ 

CO 

ro 

VO 

CM 

• 

• 

o 

• 

iH 

co 

o> 

• 

0O 

CM 

rH 

• 

<b 

iH 

h- 

CM 

o 

VO 

CM 

co 

h- 

oo 

rH 

• 

• 

• 

o 

m 

o 

in 

T3 

o 

-4 

h- 

CT\ 

• 

• 

o 

m 

M 

-4 

TO 

ON 

CM 

PO 

• 

oo 

CM 

r- 

h- 

o\ 

rH 

• 

rH 

rH 

rH 

CO 

C 

O 

■H 

4-> 

O 

m 

00 

o 

X) 

o 

h~ 

VO 

CTJ 

• 

• 

• 

• 

• 

1 — ( 

VO 

CT\ 

-4 

rH 

u 

CM 

o 

o 

• 

• 

OV 

• 

<b 

-4 

cr\ 

rH 

CM 

in 

• 

CO 

rH 

a 

CM 

-4 

Ch 

• 

o 

rH 

rH 

x: 

XI 

x: 

o 

rH 

o 

a> 

\ 

V -» 

— 

o> 

O 

a 

Ol 

e 

c 

o 

o 

o 

<L> 

< 

(0 

u 

o 

^ ^ 

z 

o 

• 

i 

E 

p 

( — • 

6 

H-t 

a 

u 

bO 

fe 

*r— s 

a 

& 

3 

CO 

li-t 

\ 

o 

<D 

> 

e 

a 

a 

^ — . 

*H 

w 

e 

Vh 

r— • 

a, 

a 

CQ 

<u 

(h 

3 

Eh 

<D 

CQ 

a 

<d 

>5 

• 

x: 

0) 

CQ 

g 

c 

00 

rH 

XI 

o 

a 

CQ 

O 

w 

* 

o 

CM 

0J 

e 

< 

<D 

cd 

o 

on 

o 

g 

O 

C 

o 

1 

E 

„ E 

CO 

o 

o 

s 

co 

o 

< 

o 

a 

<u 

CL, 

Eh 

o 

CQ 

x> 

rH 

CQ 

ra 

*H 

6 

>> 

CL, 

o 

CO 

107 


Pattern  Factor  .2792  .3^32  .2990  .3162  .3088  .3599 


and  CO  emissions  to  below  baseline  levels  and  by  the  increase  of  NOx 
above  baseline  levels.  Emissions  were  summed  over  the  LOH  duty  cycle 
for  this  prechamber  liner  as  shown  in  Table  29.  All  of  these  data  are  for 
main  fuel  system  only,  no  pilot  fuel  was  used. 

Prechamber  Liner  No.  10 

The  tenth  version  of  the  prechamber  combustor  liner  is  shown  in  Figure 
45.  Compared  with  liner  No.  9,  there  was  only  one  change  to  the  liner 
hardware:  the  closing  of  the  thirty-six  . 125-inch  diameter  holes  at  the 
end  of  the  prechamber. 

Data  from  the  combustor  rig  test  of  this  liner  are  summarized  in  Table  30. 
At  operational  idle  conditions,  data  were  recorded  for  both  main  with  pilot 
flows  and  for  main  flow  only.  The  addition  of  pilot  fuel  flow  increased 
exhaust  concentrations  of  CHX  and  CO,  but  decreased  NOx  concentrations 
slightly.  The  exhaust  pattern  was  unaffected  by  pilot  fuel  rates,  but  the 
liner  skin  temperatures  decreased  with  increasing  pilot  fuel  flow  rates. 

Eliminating  the  air  injected  at  the  end  of  the  prechamber  enrichened  the 
fuel- air  mixture  in  the  reaction  zone  so  that  more  of  the  unburned  hydro- 
carbons and  carbon  monoxide  were  reacted.  The  higher  temperatures 
also  raised  the  nitrogen  oxides  concentrations,  however.  Exhaust  smoke 
was  measurable  at  low  power,  but  reduced  to  zero  at  high-power  levels. 
Emissions  were  summed  over  the  LOH  duty  cycle  for  this  prechamber 
liner  No.  10,  as  shown  in  Table  31.  All  of  these  data  are  for  the  main 
fuel  system  only;  no  pilot  fuel  was  used. 

Prechamber  Liner  No.  11 

Except  for  the  prechamber  swirler  and  vaporizer  tube  details,  all  new 
hardware  was  used  to  fabricate  Prechamber  liner  No.  11.  The  following 
are  the  changes  from  the  previous  design: 

1.  The  prechamber  was  shortened  from  3.00  to  2.00  inches,  and  a 
new  airblast  fuel  injector,  EX-115870A,  was  used. 

2.  Reaction  zone  dome  cooling  air  was  added  through  the  dome  sheet 
metal  against  a flow-directing  baffle. 

3.  The  reaction  zone  length  was  reduced,  and  the  intermediate  holes 
were  moved  radially  inward  to  the  sheet  metal  diameter  of  the 
dilution  holes. 
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Figure  45.  Prechamber  Liner  No.  10,  EX-115893. 


4.  The  cooling  baffle  between  the  intermediate  and  dilution  holes 
was  eliminated. 

5.  The  dilution  holes  were  moved  upstream  an  additional  inch,  from 
2.  54  to  3.  50  inches,  from  the  rear  seal. 

A photograph  of  this  liner  can  be  seen  in  Figure  46. 

Combustor  performance  data  for  prechamber  liner  No.  11  are  summa- 
rized in  Table  32.  As  shown  there,  some  different  pilot  fuel  flows  through 
nozzle  EX-115870A  were  investigated  as  well  as  the  all-main  airblast  fuel 
system.  Unburned  hydrocarbons  and  carbon  monoxide  were  quite  low  for 
all  data  points.  Nitrogen  oxides  concentrations  were  high,  especially 
when  no  pilot  fuel  was  used.  Smoke  was  high  only  at  idle  when  no  pilot 
was  used.  LOH  duty  cycle  emissions  through  75%  power  are  presented  in 
Table  33  for  operation  of  the  fuel  nozzle  with  no  pilot  fuel  flow.  Emis- 
sions were  quite  low  for  CHX  and  CO,  but  again  NOx  emissions  were  high, 
as  was  smoke,  at  idle.  Exhaust  temperature  patterns  were  about  the 
same  as  for  the  previous  design,  except  that  high  power  gave  a worsening 
trend.  With  the  quantity  of  cooling  air  used  in  prechamber  liner  No.  11, 
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Figure  46.  Prechamber  Liner  No.  11,  EX-115894. 


the  only  region  showing  high  temperatures  was  between  the  intermediate 
and  dilution  holes,  where  the  metal  was  cooled  by  only  inlet  air  impinge- 
ment through  the  outer  case  basket.  A thermocouple  measuring  metal 
temperature  in  this  region  read  1650°F  at  75%  power  conditions. 

Airblast  fuel  nozzle  EX- 11 5870  is  shown  in  Figure  47.  This  was  the  final 
fuel  nozzle  configuration,  used  during  the  balance  of  the  rig  testing  and 
throughout  the  engine  testing.  Three  versions  were  used,  EX-115870A, 

B,  and  C,  which  differed  only  in  the  size  of  the  simplex  pilots,  having  flow 
numbers  of  2.  5,  3.  5,  and  4.  0 respectively.  The  pilots  were  for  operation 
with  the  modified  conventional  combustors,  although  some  data  were  taken 
with  prechamber  combustors  operating  on  main  fuel  flow  with  scheduled 
amounts  of  pilot  flow.  The  difference  between  this  nozzle  and  the  previous 
nozzle,  EX- 114779,  was  a change  only  in  the  atomization  method  in  the 
pilot.  Nozzle  EX-114774  impinged  a high  velocity  fuel  jet  on  a fine  mesh 
screen  to  breakup  the  fuel,  whereas  nozzle  EX- 11 5870  used  a conventional 
simplex  pilot  tip. 
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Prechamber  Liner  No.  12 


The  twelfth  version  of  the  prechamber  combustor  liner  i.~  shown  in  Figure 
48.  The  changes  in  this  liner  from  the  previous  version.  No.  11,  are  as 
follows: 

1.  Based  on  the  results  from  the  previously  tested  prechamber,  two 
of  every  three  film  cooling  holes  were  closed,  since  prechamber 
liner  No.  11  was  overcooled. 

2.  To  improve  the  exhaust  temperature  pattern,  the  dilution  hole 
diameter  in  the  5 o'clock  position  (viewed  downstream)  was  en- 
larged from  1.00  to  1.25  inches.  Also,  the  dilution  hole  diam- 
eter at  the  11  o'clock  position  was  reduced  from  1.00  to  0.625 
inch.  These  changes  resulted  in  essentially  a zero  net  area  dif- 
ference from  the  previous  liner  dilution  area. 

3.  The  pilot  tip  in  the  fuel  nozzle  was  changed  from  a 2.  5 flow  num- 
ber in  EX-115870A  to  a 3.  5 flow  number  in  EX-115870B. 


Figure  48.  Prechamber  Liner  No.  12,  EX- 116290. 
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Data  from  the  combustor  rig  test  of  this  liner  are  summarized  in  Tables 
34  and  35.  At  several  conditions,  data  were  recorded  for  both  main  with 
pilot  flows  and  for  main  flow  only.  The  addition  of  pilot  fuel  flow  in- 
creased the  total  exhaust  emissions.  The  exhaust  temperature  pattern 
was  slightly  improved  by  pilot  fuel,  but  liner  skin  temperatures  were 
generally  unaffected  by  pilot  fuel.  Enrichening  the  reaction  zone  by  clos- 
ing two-thirds  of  the  cooling  holes  resulted  in  an  increase  of  CHX,  CO, 
and  NOx  exhaust  emissions  simultaneously,  but  the  exhaust  smoke  was 
reduced  dramatically  for  main-only  operation.  Emissions  were  summed 
over  the  LOH  duty  cycle  for  prechamber  liner  No.  12  as  shown  in  Table 
36.  These  first  data  are  for  the  main  fuel  system  only,  through  100% 
power.  The  next  two  sets  compare,  for  like  points,  main  only  to  main 
plus  pilot  systems.  Exhaust  smoke  was  essentially  zero  when  only  the 
main  fuel  system  was  used.  The  exhaust  temperature  pattern  had  im- 
proved over  the  previous  version.  Measured  liner  metal  temperatures 
peaked  in  the  1700°- 1800 °F  range. 

Prechamber  Liner  No.  13 


The  thirteenth  version  of  the  prechamber  combustor  liner  is  shown  in 
Figure  49,  and  a cross-sectional  view  is  shown  in  Figure  50.  The  changes 
in  this  liner  from  the  previous  version,  prechamber  liner  No.  12,  are  as 
follows: 

1.  To  improve  the  exhaust  temperature  pattern,  the  dilution  hole  in 
the  3 o'clock  position  (viewed  downstream)  was  enlarged  from 
.875  to  1.00  inch  in  diameter.  Also,  the  dilution  hole  at  the  7 
o'clock  position  was  reduced  from  1.00  to  .625  inch  in  diameter. 

2.  The  3.  5 flow  number  pilot  tip  on  fuel  nozzle  EX-115870B  was 
changed  to  a 4.  0 flow  number  simplex  tip,  and  the  nozzle  reiden- 
tified as  EX-115870C.  This  was  the  final  nozzle  configuration. 

During  the  rig  testing  of  this  liner,  eight  data  points  were  documented  and 
are  presented  in  Figures  51  through  58.  Data  from  the  test  are  summar- 
ized in  Tables  37  and  38.  At  two  conditions  data  were  recorded  for  both 
main  with  pilot  flows  and  for  main  flow  only.  The  addition  of  pilot  fuel 
flow  produced  a trade  off  between  CO  and  NOx  emissions.  Exhaust  pattern 
was  also  slightly  improved  by  pilot  fuel,  but  liner  skin  temperatures  were 
generally  not  affected  by  pilot  fuel.  Exhaust  emissions  are  compared  with 
baseline  liner  levels  in  Figures  59  through  62  for  exhaust  CHX,  CO,  NOx, 
and  smoke.  All  of  the  exhaust  emissions  were  lower  than  those  from  the 
previous  liner  version.  Emissions  were  summed  over  the  LOH  duty  cycle 
for  this  prechamber  liner.  No.  13,  as  shown  in  Table  39.  These  data  are 
for  the  main  fuel  system  only.  Exhaust  CHX  for  this  liner  was  1%  of  base- 
line, CO  was  17%,  and  NOx  was  156%,  and  exhaust  smoke  was  zero. 


118 


119 


Pattern  Factor  --  .2294  .1951  .2274  .2044  .2199 


TABLE  36. 

T IME - WE I GHT - AVE  RAGE  D 
PRECHAMBER  LINER  NO. 

LOH  DUTY  CYCLE 
12 

EMISSIONS  FOR 

PRECHAMBER  liner  no. 

12.  Ex-116290.  NOZZLE  EX-115870B,  MAIN  ONLY  RIG 

1-28-75 

rog  no  t/t  total 

UF 

El  CHX 

EI  CO 

EI  NOX 

EI  TOTAL 

SMOKE  NO 

n. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1762. 

0.15 

70.26 

1.063 

11.424 

7.240 

19.727 

0.00 

1763. 

0.00 

108.28 

0.413 

9.297 

7.977 

17,687 

0.00 

1764. 

0.15 

134.00 

0.276 

7.340 

8.705 

16.321 

0.00 

1767. 

0.45 

166.20 

0.108 

4.615 

9.409 

14.13? 

0.00 

1766. 

0.20 

211.44 

0.038 

2.848 

8.669 

11.555 

0.00 

1770. 

0.05 

261.09 

0.012 

1.168 

8.812 

9.99? 

2.29 

CYCLE  TOTALS 

160.77 

0.165 

4.657 

8.936 

13.75b 

2.29 

percent  of  baseline 

100.45 

7.23 

19.44 

165.58 

43.49 

prechamrer  liner  no. 

12.  Ex-116290.  NOZZLE  EX-115870B.  MAIN  ♦ 

PILOT  RIG 

1-28-75 

rug  no  Vi  total 

UF 

El  CHX 

LI  CO 

EI  NOX 

EI  TOTAL 

SMOKE  NO 

0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1761. 

0.15 

70.15 

1.729 

15.004 

4.151 

20 • 884 

25.21 

0. 

n.oo 

0.00 

0.000 

0.000 

0.000 

0 .000 

0.00 

1766. 

0.15 

134.14 

0.152 

7.818 

6.050 

14.020 

42.13 

1 76ft  • 

0.45 

166.42 

0.438 

4.893 

8.516 

13.847 

30.16 

1769. 

0.20 

2U  .50 

0.038 

2.806 

8.762 

11.606 

15.84 

0. 

n.u5 

0.00 

0 .000 

0 . OUO 

0 .000 

0.000 

0.00 

CYCLE  TOTALS 

147.83 

0.377 

5.414 

7.940 

13.730 

42.13 

PERCENT  OF  BASELINE 

I 

100,59 

15.19 

20.85 

151.29 

40.76 

| PRECHAMRER  LINER  NO. 

12.  Ex  - 116290 » NOZZLE  EX-115870B,  M ONLY 

1 

AT  M+P  RIG  1-28-75  1 

rog  no  t/t  total 

UF 

El  CHX 

El  CO 

EI  NOX 

EI  TOTAL 

SMOKE  NO 

0. 

n.oo 

0.00 

0.000 

0.000 

0.000 

0 . oon 

0.00 

1762. 

0.15 

70.26 

1.063 

1 1.424 

7.240 

19.727 

0.00 

0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1764. 

0.15 

134.00 

0.276 

7.340 

8.705 

16.321 

0.00 

1767. 

0.45 

166.20 

0.108 

4.615 

9.409 

14.132 

0.00 

1766. 

0.20 

2H.44 

0.038 

2.848 

8.669 

11.555 

0.00 

0. 

0.05 

0,00 

0,000 

0.000 

0.000 

0.000 

0.00 

CYCLE  TOTALS 

147.72 

0.179 

4.966 

8.947 

14.091 

0.00 

percent  of  baseline 

100.52 

7.22 

19.13 

170.46 

41.83 
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Figure  49.  Prechamber  Liner  No.  13,  EX- 116291. 


Exhaust  temperature  pattern  factors  for  prechamber  liner  No.  13  are 
compared  with  baseline  levels  in  Figure  63.  The  pattern  was  little  im- 
proved over  the  previous  version.  Figures  64  and  65  show  the  exhaust- 
annulus,  individual  thermocouple  temperatures  measured  at  75%  and  100% 
power  conditions  for  main  fuel  flow  only.  Although  the  numerical  value  of 
the  pattern  factor  was  not  improved  with  this  liner  version,  the  distribu- 
tion of  temperatures  around  the  exit  annulus  was  better.  Liner-metal 
temperatures  are  plotted  in  Figures  66  and  67  for  main  only  and  main 
plus  pilot  fuel  flows.  The  high  temperatures  occur  between  the  rows  of 
intermediate  and  dilution  holes,  where  there  is  no  effective  metal  cooling. 

Summaries  of  all  prechamber  liners'  performances  are  given  in  Tables 
40,  41,  and  42  for  LOH  duty  cycle  emissions,  pattern  and  liner  metal  tem- 
peratures, and  pressure  drop.  Also,  Table  43  summarizes  the  hole  pat- 
terns, the  pertinent  lengths,  and  the  cross-sectional  diameters  of  each  of 
the  thirteen  prechamber  liners  tested  during  the  combustor  rig  develop- 
ment phase  of  the  program. 
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Pattern  Factor  .1866  .1741  .1587  .1439 


UHtfijSTIU*  RESEARCH  LABORATORY  - FEASIBILITY  RIG  EXPERIMENTS 
TOO  T»Pe  COmbUSIOR  TtST  - RIG  a/u  1/3,  TEST  SERIES  -A  , KEAUJN&  * 1/91 
L-248  LINtR,  P/N  r.X  116291,  NUZZLE  P/N  EX  11587eC,  JP-4  FuFe. 

Tt$T  UAftJ  42/46/75  TINE  l)F  DAYS  1224S14  MOU*»S 

ettufe  PUiNf  2 OPERATIONAL  IUlfc 

»*••••*•••«•»•**•»••••*  tAPtrtlrtfcNTAL  LUNOITIQNS  •*•««•*••••>••»*•*••»•• 
BuRNt*  A IN  Flu*  1,6/4  Lb /SEC  AvG  BURNER  inlet  TE  bp  3p2.  leg  f 

AVu  BURNER  iNLtl  PRES  43,3  PSl*  AVG  BuRutR  OUTLET  TEH*  1110.  OEG  F 

AVG  6U RnER  OtuT 4 P 0,32  "NO  PRESSURE  LOSS  3,64  X 

OvtNALL  F/A  NAT  l L,  .41108  (F/N)  FUEL  FLO*  R Alt  74.56  lB/RR 

AIR  L'JAu  FalTUn  1,4231  PATTtNN  FACTO*  ,18653 

60 T nuT  SPOTS  * 42  « 1274.  UEG  F FAX  (JOT  / AVG  BUT  1.1361 

FutL  iNutT  ftrtPcRATuRc  p3,  OEG  F FUEL  INLET  PRESSURE  4e,3  PSIA 

NtAi  cuAuiNo  parm.h-tek  .43oi/E*86  btu/houn/atn/Cubic  foot  (v»  1.04*000) 

BuRutR  UOTLtT  TtMPtKATURE  SUMVF.V 
U TtMP  10  TtMP  ID  TE«P  10  TEMP  10  TEMP  ID  TtRP  IU  TEMP 

ANNULUS  1 21  1214.  24  1214.  27  1646.  3V  1387.  33  1216.  36  1191.  39  1136. 

ANNULUS  2 22  I27w.  23  1194.  26  1064,  31  1352.  34  1237.  37  1162.  4b  1495. 

ANNULUS  3 20  1229.  26  920.  29  1494.  32  951.  35  1106.  38  939.  41  1476. 

LeFT  Slut  •••••*••**••  aIK  1nL.lT  Tube  CONDITIONS  ••**•*****«*  -Ight  SIDE 
IDTAL  PRESSURE  43.27  PSIA  TOTAL  PRtSSuRt  45.26  PSIA 

AIR  ltNPtRAluRE  092,  OEG  F AIR  TEMPERATURE  342.  OEi»  F 

CUMbUSfOR  UUIeR  CASE  STATIC  PRESSURt 44.96  PSIA 

AIR  FLO*  UATAS  P-„tF*  113.3  PSI*  UtLTA  P*  1.46  "MG  T-WEFa  33.  0E«  F 
FUtL  SYSTtH  uATAS 

Fuel  f/m  F kcuut nC  y 253.  MZ  vijlumlTRIC  FLu*  RATE  ll.lt  GAL/RR 

FUEL  PRtSSURt  at  F/fi  2«3.2  PSIA  FuEL  temp  at  F/m  57.  OEG  F 


SKIN  TtHPtRATiJKt  SURVEYS 

*44*  ^20.  otli  F *43*  1344.  OEG  F 440*  926.  DEG  F *47*  U24,  OEG  F 

*40*  691.  Utb  F •» 


GAS  ANALYSIS  DATa  FOR  GAS  SAMPLES  TAKEN  IN  T He  EXnAOST  UULT 
CMtRlCAL  F/4  RATIOS  .411529  CuMbUSTION  EFFICIENCY!  96.7536  X 
Mt»SUKtU  CU2S  2,4,il  i MEASURED  02S  16.74  X CALCULATED  02!  17.63  X 
ANALYSIS  LMtCKS  F/A  IS  .412466  rMEN  CALCULATED  USING  MEASURED  02  VALUE 


EFiioSIONS  MEASUREMENTS 

LONLCN 1 RA  f l UN 

EMISSIONS  INDEX 

Instrument 

PPM 

L8/1040  L»  FutL 

source 

CO 

112.09 

9.412 

bECKMAN  NOIR 

CmX 

1.02 

.135 

BECKMAN  FID 

nO 

06.15 

4.972 

AMI 

CHEMILUMINESCENCE 

NO* 

41,13 

5.056 

AMI 

CMEMlLUMlNESCtNCF 

>yU 

4 t J d 

5.543 

BECKMAN  NOIR 

NO* 

4/  .50 

0.541 

bf;lkman  CNOIR  ♦ nOUVJ 

AuaULUlt  MUMIUlTT 

■ 4.36  GRAINS 

PER 

POUND  OF  DRY  AIR 

Si'OKt  NuMbER 

» .44 

Nil  PHUT. 

Figure  51.  Prechamber  Liner  No.  13  Rig  Data  at  Operational 
Idle,  Main  Flow  Only. 
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LuHOUSTloN  HtStARLH  LABOHaTOHI  - P E AS  i B I L 1 T T Hlu  cXPEHIpEnTS 
T 03  lYPt  lOmbuSTOh  TEST  - Hit  B/U  173,  TEST  SEH1ES  -A  , HE  AO  I Nt  * 1792 
C-203  LINEH,  P/n  tx  110291,  NOZZLE  P/n  tX  1 1587BC,  JP-4  PuEL. 
f tST  ilAftJ  62/«jo//5  UMt  OP  OAY:  1234J12  HDU«S 


CYCLt  POINT  2 


CPEhATItJKAL  IuLE 


LXPtHIHtNTAL  CUNOITIONS 


dUHNtn  A I H KLO«  1.606  LB/SEL 

AV«  BUHNtH  lNLtr  PHtS  45,  k)  PSlA 
AVi*  oun.xtH  JELTA  P 3.27  "m» 

OvEHAlL  P/A  kAtin  .01171  (P/M) 

Ain  LOA.J  PacTuh  1 . />229 

BUT  HuT  SPOT • » 38  * 12/0.  OEl»  F 

FutL  InleT  I Ijl/t"  A Topfc  64,  DEG  F 
Ht  A T tOAjlM.  PAHAMtTtW  .43o5BE»*»0 


AVG  HuHNEH  INLET  TEMP  3e5.  Utt  P 
AVG  0UHNEH  OUTLET  TtPP  1132.  Ott  P 
PKESSuHE  LOSS  3.5/  X 

FUEL  FLU"  HATE  /6.25  L0/HH 

PATTEHN  PACTOH  .17412 

PAX  BOT  / AVG  BUT  1.1273 

PutL  inlet  pressuhe  45./  psia 
oiu/hooH/A  1 m/cubic  Foot  iv*  1.00401/0) 


••••••••••••A******  muNnEK  uUTLET  TCMPPHATUHE  SURVEY  **«***»**»•*•***»*• 

iu  TtMH  lu  ItMP  10  TEnP  ID  TtPiP  10  TEPP  10  TEPP  Iu  TEMP 

AnnuLUS  1 21  123*.  24  1220.  2 7 1«27,  30  1101.  33  1230.  36  127o.  39  UP?. 

ANNULUS  2 22  12/0,  25  1212.  26  1043.  31  1V360.  34  12/1.  37  1 184.  4,1  1276. 

ANHJLUS  3 23  1232.  2n  *17.  29  926.  32  1*72.  35  1219.  30  973.  41  1016. 

LtP t slut  •*•••*••*••*  a 1 h inlet  tube  londitions  ***•»•»***•*  kight  slue 
roT«L  PHtsSUKt  45.23  PsIA  total  PRESSURE  43.fc2  PSIA 

4 1 H ItHPtoATUot  304,  ott  P AIR  TEMPtHATUHt  345.  Utt  ► 

LuHOOSlUH  UUltH  CaSE  jT  AT  1C  PHESSURt 44. 06  PSlA 

AIR  PLO*  JAIA!  P-HtPa  113.2  PSlA  UtLTA  P»  1.44  "hG  T-H?P»  35.  OE'i  P 
r utL  SYS fto  uata: 

FutL  P/n  PotuutNCV  254.  HI  VULUMtTHlC  FLO"  HATt  U.tffe  GAL/HH 

P'lJCL  PHcSSUHt  AT  p/rt  2*6,3  PsIA  F UtL  TEMP  AT  P/M  56.  UFb  P 


SMn  TcMPtHATuHE  SURVtY: 


«44« 
949  • 

99/ 

6/1 

# un.U  F = 

• 1 9 

1233.  OEG  F »46» 

919.  DEG  F 947*  1285.  DEG  f 

19  A 5 

analysis  uata 

FOR  GAS  SAPPLtS  T aK t N IN  THE  EXHAUST  LUCT 

LHtnlCAL  P'/a  t-ATIu: 

.411362  COMBUSTION  EFFICIENCY:  99.5541  X 

HE  ASjKtO 

Lu2  • 2.441  X 

MEASURED  D2I  1. 

40  X CALCULATED  02:  17.64  X 

Analysis  lhcCn:  p/a  l o 

.033331  HhEN  CALCULATED  USING  MtASUHEU  02  VALUE 

tMISSICNS  PtASUHEHENTS 

LO  .LflTHA  r 1 UN 

Emissions  i.,up.x 

1 NS  1 RljMtNl 

PPM 

LO/1000  Lo  FUEL 

SUUHCE 

LJ 

223.3o 

16.053 

BECKMAN  nOI h 

LPX 

1.13 

.146 

HECKMAN  FID 

NU 

2(1.43 

2.754 

AH  I CHEMlLUrtlNtSCENlE 

NOX 

25.19 

3.45b 

AMI  CHEMILUMINESCENCE 

*su 

21 .03 

2.967 

BECKMAN  NO 1 p 

NO* 

20,  *17 

3,96)0 

PiECKMAN  CnOIW  ♦ NUUvl 

AOSOL'jrt  tlUMlOiTY  * 4.30  GRAINS  PtH  POUND  OP  OH Y aIH 

oMOKt  NUf'OtH  * 24.66 
PILOT  *P«  19.6  Lb/PUOH. 


Figure  52.  Prechamber  Liner  No.  13  Rig  Data  at  Operational  Idle, 
Main  Plus  Pilot. 
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CumbI/jT  ION  ntSPAPCM  L AUt'HA  T uN  » - »-tJ»S»J«lL  ITV  RIG  eYPEhlMEivTS 
To3  1 T He.  COMBUST  uN  leal  - *10  B/U  1/3,  TEST  SERIES  -A  , READING  « t/93 
C-2)3  LlntN.  P/N  tX  Uh^li  JO/ 2L  e P/N  t X U3670C.  JP-4  Fl'f  L • 

Teal  u * T e : .>2/«jo//n  Tint  OF"  OAYJ  1236:10  H0u»S 


CH.Lt  PulNl  4 

••A.*..***.*.****.*****  e x P E k I m L n r al  CuniJ I T lO^S 


23X  pf)»FR  SETTING 


dUK  «tK  * I*  r LO" 
avu  ouRNe*  Inlc r ('"(.S  a*,7 

AVb  OURNtR  UtLf»  P 4.30 

OvtNALL  F/»  RAflu  .UlO/9 
AIW  LOAD  FACTuW  1.4417 

30  T no  T SPOT!  * id  « 147*. 
Fjcl  inter  IEMPchaTuRL  04, 


2.133  Ln/StL 
PS  I A 
"Ho 
(F/HJ 

DEG  F 
OtG  F 


hl*i  luauIng  PuPA.nrrep  ,4v*i2it»0o 


AVG  HuRnEw  1 NL  fc  T TfcfP  3/4.  OFl*  F 
AVG  BURNER  OlllttT  TtrP  1 3 1 D . DFG  F 
PFtSSURL  LOSS  3.71  X 

fuel  flo"  WAtt  io6.ee  lb/hr 

pattern  FaCTOK  , 16*3/ 

PAX  HOT  / Avu  BOT  1.1213 

fuel  inlet  p»tssu*E  b*„/  psia 
OTu/hUuW/ ATM/CublC  FOOT  (v*  l#ID(H>Pve) 


•<*..«*****«. *««.*•  HuwnEk  OUlLtT  TtHPErtArukE  SURVEY  «*»*•***«**•*#•*•** 

iO  rtnp  10  TEMP  ID  TEMP  ID  TEMP  Iu  TEMP  ID  TEMP  ID  Tfc  mP 

AnnjlJS  1 21  1 443.  24  1433.  27  120  3.  AP  I26e.  33  1 414.  36  1362.  3*  1314. 

ANNULUS  2 id  14/*.  2‘ 5 1420.  26  13113.  31  1234,  34  1432.  37  1 330.  4(3  1272. 

Annulus  3 23  1-U*.  20  1133.  2S  1230,  32  1137,  3a  1376.  36  126t>.  41  1236. 

lcf r siut  *•«•«•******  a 1 w inlet  Tube  coniutions  *•#******»*•  Mom  sidf 
rur-L  PNEasuKt  ay.o7  psia  total  pressure  sw.zi  psia 

AIR  Tt.NPePArUKt  374.  DEO  F 41*  T fc  MPER  A T ONE  374.  deg  f 

co.uusruR  uurtx  LASe  static  PwfcssuNt 3«.*4  psia 

air  i-uOa  uata;  P • k e r » 114, a psI*  delta  p»  i.7o  "hg  T-REF*  36,  UF-  0 F 
FtJtL  STjfen  J4TAJ 

Fuel.  F/m  Pweijur. NL  1 363.  Ft!  VULUMETRIC  FLOW  RATE  10.64  GAL/PH 

FUEL  PReSSURE  *r  F/m  2*2.1  PSIA  FUEL  IEmP  at  F/m  5*.  OEG  F 


So  I N f F.nPtHATUP'fc  SURVEY: 

"44*  * * o . Oku  F a 4 a 3 146/.  OEG  F w4h*  107*.  OfcG  F *47*  123 2.  DtG  F 

*4o*  y**.  ut'j  t * 


g«s  analysis  jata  fur  gas  samples  taken  in  t Ht  exmaost  duct 

OhcmILAL  F/a  KAlIO:  .013412  COMBUSTION  EFFICIENCY:  *9.7610  X 

ME AauPeO  CO 2S  2.60 1 i MEASURED  021  10. OH  X CALCULATED  0?J  17.29  X 
ANALYSIS  CHeCo:  F/A  is  .013590  WHEN  CALCULATED  USING  Mfc  ASUW  fc  0 02  VALOfc 


OMISSIONS  MEASUREMENTS 


COnCcNTRATIOn 

PPM 

EMISSIONS  iNUtX 
LB/ 1 000  LB  FUEL 

instrument 

SOURCE 

CO 

114.27 

6.122 

BECKMAN  NlU« 

CmX 

.10 

.016 

BECKMAN  FID 

NO 

30.32 

3,673 

AMI 

CHEMlLOMlNfcSCtNCE 

NOX 

36.30 

b , 300 

AMI 

ChEmIlUMTNESCEnCF 

NO 

33.00 

6, 256 

bECKMAN  NO I R 

NUX 

ot  .06 

7.19* 

BECKMAN  InOIR  ♦ NUUVI 

AbSOLOTfc  HUMIDITY 
SMOot  NUMBER 

• 4 , 3o  GRAInS 

■ .00 

PER 

POUNO  OF  DRY  AIR 

NO  PILOT. 


Figure  53.  Prechamber  Liner  No.  13  Rig  Data  at  25%  Power. 
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CUMBUSTaUn  PtStAkLH  L4B0RA10HT  - FEASIBILITY  RIG  EXPERIMENTS 
T63  TtPc  COMBUSTOR  T E. ST  - Kit  0/U  173,  fEST  SERIES  -A,  RtADINu  A 179 A 
L2k)  U LINER,  E/n  EXU6291,  NOZZLE  P/N  EaU5«7<8C,  JP-4  E UtL  , 

TEST  0 A T t * 42/PO//3  TiPg  OF  0 A V I Ul5i27  HOURS 


CYCLE  PulNT  4 

a****.*******,**.******  cXPtKlMtNTAL  CUNuITIONS 


4HX  PU«tR  SETTING 


BuwNtR  AlR  ELL** 


2.400  LB/SEC 


A V li  BURNER  iNLtl  PRc.3  OU.0  PSIA 


AVU  BURNtN  DElTA  P 
OVERALL  E/A  RATIO 
Alt*  lOAU  E’  At  I OK 
SOT  Hi)T  SPOT!  » 25 


3,2(8  "Mb 
.1)1505  (F/M) 

l .b434 

' 1009.  DEG  E 


Fuel  InLE.T  1 Ef'PtPAT  jKt  30.  liEU  r 


AVG  duRNEH  INLET  TEMP  427.  UEG  F 
AVT.  BONNE*  UUTLtT  TEMP  1447,  OEG  E 

X 

LP/HN 


PRESSURE  LOSS 
EuEL  FLO*  PATE 
PATTENN  FaCTOP 
max  BUT  7 AVG  BOT 

euel  inlet  pressure 


3.69 
101.02 
.15660 
1.1110 
S3. 4 


PSIA 


HEAT  L U A 0 1 Nu  PANAnE.ftK  .32500E+06  B T U /HOUR  / A T M /CUB  I C FOOT  ( V«  1. 000000) 


*•••***•*•*••*••••«  BOhNtN  OUTLET  TEMPERATURE  SURVEY  •••••**■«•••*•*•••• 

iu  ItMP  10  TEMP  IU  TEMP  ID  TtMP  II)  TEMP  10  TEMP  Iu  TEMP 

Annulus  1 21  1301  . 24  1314.  27  1393.  00  14100.  30  1502.  06  152o.  39  1442. 

Annulus  2 22  1008.  23  1 029,  28  1420.  31  1097.  34  1507,  07  1402.  40  13/6. 

ANNULUS  0 23  1372.  20  1246.  29  1345.  02  1273.  35  1 5 1 4 . OS  1216.  41  1361. 


LtET  SiGc  **•*«•*«.***  AIN  iNLtT  TUBE  CONDITIONS  ******•»#**•  RlbHT  SIDE 
TOTAL  PNbSSUNt  09.2«  PSIA  TOTAL  PRESSURE  69.02  PSIA 

A|N  I EMPtN A Tu*E  427.  OEG  F AIR  TEMPERATURE  427,  OEG  F 


COMoUSTun  uUTEN  t * a t sTaTIC  PRESSURE,,., 60. 04  PSIA 


AIR  Flow  UATA!  P-PtE*  110.2  PSIA  DELTA  Pa  2,33  "MG  T-NEE*  07.  OEG  E 

fuel  srsTtM  uata: 

Fuel  F/h  EntiJOtNLY  474,  HZ  VOLUMETRIC  FLOP  RATE  20.75  GAL/HR 

fuel  pressure  at  f/m  204,0  psia  fuel  temp  at  f/n  so,  deg  f 


SKIN  TEMPERATURE  SURVEY  I 

•44a  1001.  UtU  E «43>  1547.  OEG  F «4o»  1178.  DEG  F #47»  1034.  DEG  F 
«4«a  1094.  UcG  E a 


GAS  ANALYSIS  UATA  FOR  GAS  SAMPLES  TAKEN  IN  THE  EXHAUST  OUCT 
CHEMICAL  F/A  ratio!  .014593  COMBUSTION  EFFICIENCY!  99.8272  X 
MEASUREO  C02!  3.033  X MEASURED  02!  16.50  X CALCULATED  021  16,74  X 
ANALYSIS  CHECK!  F/A  IS  .014759  RhfcN  CALCULATED  USING  MEASUREO  02  VALUE 


CONCENTRATION 

PPM 

EMISSIONS  MEASUREMENTS 
EMISSIONS  INDEX 
LB/ 1000  LB  FUEL 

instrument 

SOURCE 

CO 

91,62 

5.974 

BECKMAN  NO 1 R 

CMX 

.16 

.017 

BECKMAN  F 10 

NO 

60.60 

6.612 

AMI 

CHEhiLUMiNFSCENCE 

NOX 

71,79 

7,688 

AMI 

CHEMILUMINESCENCE 

NO 

67.16 

7.193 

BECKMAN  MDIR 

NOX 

75.60 

8.100 

BECKMAN  (NO IP  ♦ NUUV] 

AbSULUTt  HUMIDITY  a 4.36  GRAINS  PER  POUND  OF  DRY  AIR 
SMUKt  NUMBER  a .00 

NO  PILOT. 

Figure  54.  Prechamber  Liner  No.  13  Rig  Data  at  40%  Power, 
Main  Flow  Only. 
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combustion  research  laboratory  - feasibility  rig  experiments 

T OS  TYPE  COMBUSTOR  TEST  - Rib  B/U  173,  TEST  StRIES  -A#  NEADINb  » 1796 

C20B  Lli*tn,  P/N  6X110291,  NOZZLE  P/N  EXU5870C,  J P-4  FutL. 
ftSf  JATtl  02/0O//3  TIME  OF  OAYl  1337110  HOO»S 


CYCLE  point  a 


40X  POeEh  SETTING 


EXPERIMENTAL  CONDITIONS 


BOMNC.M  AIM  E LOR  2.506  L6/SEL 

AVb  BOH  VtR  lNLtT  PmES  /J.0  PSIA 
AVb  BOHnEM  OtL  T A P 3,46  "Mb 

OVcRALL  E/A  M4T 10  .61562  (F/M) 

AIM  LUAO  EACTjR  1.^402 

but  mot  spot:  w ja  ■ lows.  uEG  e 

fuel  iNLtr  r EMPtH a Tume  os.  oEb  E' 

MEAT  LJAOiNb  PAM AME I EH  .922046*00 


avg  buhneh  inlet  te:mp  425.  deg  f 

AVG  BOHNEH  OUTLET  temp  1435.  OEb  F 
PRESSURE  LOSS  3.64  x 

FUEL  FLOm  RATt  1S9.B2  lB/HR 

pattern  factor  .1439s 

MAX  BUT  / AVG  BUT  1.1019 

FUEL  INLET  PRESSURE  81. S PSIA 

OTU/HOUR/ATM/CUBIC  FOOT  (V»  1.000000) 


••••••••A**********  BuMNtM  OUTLET  TtMPtMATUWE  SURVEY  ******************* 

10  If IP  Hi  TtMP  10  TEMP  ID  TtMP  ID  TEMP  ID  TEMP  10  TEMP 

Annulus  1 21  1 5S9 . 24  1927.  27  1S47.  30  1403,  3S  1577.  36  1370.  30  1449. 

ANNOI.US  2 22  1996.  23  1961.  26  1416.  SI  1S71,  34  1603.  37  1477.  40  1365. 

AnnulUS  S 23  13/3.  20  1224.  20  1330.  32  1423.  33  1533.  38  1240.  41  1316. 

LEeT  Slot  •*«***»»»*•*  4 1 M INLET  TOBt  CONDITIONS  ************  RIGHT  SIDE 
TOTAL  PMESSUMc.  73.06  PSIA  TOTAL  PRESSURE  73.66  PSIA 

AIR  TEMPtRAl Un t 423.  OEb  F AIR  TEMPERATURE  425.  OEG  F 

COMBUSTOR  OuTlH  l ASE  STATIC  PRtSSUKE 72.60  PSIA 

AIR  ELO*  OATAl  P-Re.E's  US. 6 PSIA  OtLTA  P*  2.36  "Hb  T-mEE*  39.  OEb  F 
Fuel  system  uatas 

FutL  E/M  ERtootNCY  30 3 , HZ  VOLUMETRIC  FLOR  RATE  22.02  GAl /Mm 

FucL  PRESSURE  41  F/m  262.3  PSIA  FUEL  TEMP  AT  F/M  59.  OEb  F 


SN In  TtMPtR ATUKt  SURVEYS 

444*  1131.  OEb  E * 43*  1307.  Otb  F 440*  1175.  Qtb  F 447*  1375,  DEG  F 
448*  10/2,  UtG  E 4 


b 4 S ANALYSIS  JATA  EUR  bAS  SAMPLtS  T AKtN  IN  THE  EXmAUST  OULT 
Chemical  f/a  ratio;  .014307  Combustion  efficiency:  99.7973  x 

MEASURED  CO? I s.004  X MEASURED  02:  16.50  X CALCULATED  02:  16.61  X 
ANALYSIS  CHECn:  F/a  la  .0143/6  nE>En  CALCULATED  USING  MEASURED  U2  VALuE 


emissions  measurements 

COuLtNTRA riUN  EMISSIONS  INDEX 
PPM  Lo/ 1 200  LB  FUtL 

INS  TRuMt NT 
SOURCE 

CO 

116.13 

7.389 

BECKMAN  N01R 

Chx 

.21 

.021 

BECKMAN  FID 

NO 

44.39 

4./6S 

AMI 

chemiluminescence 

NUX 

30.42 

3,411 

AMI 

cmemiluminf.scenle 

NO 

44.91 

4.620 

BECKMAN  NO I R 

NUX 

34,03 

3.664 

BECKMAN  (N01R  * NOUV) 

AOSULUTE.  HUMIUITr 
Silu*t  NIJH8ER 
«E«  39.0  Lb/hOuR. 

* 4,96  GRAINS 

* 44,06 

PER 

POUND  OE  OPT  AIR 

55.  Prechamber  Liner  No.  13  Rig  Data  at  40%  Power, 
Main  Plus  Pilot. 
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CuMduaTlON  RtSEAPLri  L a OOR  A T OH  V - FEASIBILITY  RIG  EXPERIMENTS 
To3  i T Pt  LuMouSTOR  (t&t  - RIG  H/U  173,  TEST  StWIES  -A,  RtAOlNG  * 1797 

C200  P/N  E.X116291,  NOZZLE  P/N  tXllb»70C,  JP-4  FUtL. 

TlST  UATeS  32/30/73  Tint  OF  DAYS  1338S27  HOURS 

CYll t PUlVT  3 35*  POwtR  SETTING 

••■••**•**«*. ***««•*•••  tXPtWlHtHT  AL  CbNUI 1 IOHS  •*•*••*••**••**«*••**•• 

3URnEN  AIK  plow  2.613  Lb/5EC  AVG  (JURNtR  IHi.tr  ffcHp  4/1,  OEG  F 

AVG  bUwNcR  InLLT  PRtS  02.2  PS  I A Avb  BURNER  OUTLET  TEMP  1552.  DEG  f 

»vb  ouRncr  utLTA  P 0,42  "Hb  PwESSURt  LOSS  3.64  * 

J^tRALL  P/a  kaTIu  ,31b43  (F/M)  FUEL  FLOW  RATt  lb6.47  lB/hr 

A I R LUAU  rACTUR  1.0440  PATTERN  FACTOR  .19333 

8uT  HUT  SPOTS  4 22  ■ 1750.  Utb  F RAX  dOY  / AVG  BUT  1.132b 

F UtL  INLt  T Tt'-Pc.R  ATuRt  03.  Dtb  F FUEL  INLET  PRESSURE  13*. 1 PSIA 

Ht  A T LUAUlNU  P A H A rt  t T tR  .339l3t*3b  0 T U / HOI  IR  / A T M / C U«  1 C FuOT  ( V ■ 1.333333) 

•••«•••******■*•••*  OURNCR  OUTLtT  TfcRPERATURt  SURVEY  **«*•*******•«•#**• 

iu  TEMP  iu  TtHP  10  TE«P  ID  TtHP  Iu  TEhP  10  TtPP  Iu  TEMP 

Annulus  1 21  1003.  24  100*.  27  140J.  3V  132b.  33  1673.  36  1634.  3*  1535, 

ANNJLUs  2 22  1730.  23  1/32.  26  1333.  31  1404,  34  1666.  37  1566.  4(0  1536. 

ANNULUS  3 23  1/14.  26  1341.  29  1463.  32  1 174.  33  13*3.  36  1323.  41  151/4. 

LtfT  61UC  *•««*•**•*•*  AIR  iNLtT  TUOC  CuNUl T IONS  *«»*****<►»**  RIGHT  SIDE 
total  PRLSsURt  02.23  PSIA  TOTaL  PnESSUHt  B2.13  PSIA 

AIR  TtRPtRAIuriE  473.  utb  F A I R TEMPERATURE  471.  <)Eb  F 

CUMdUsTuR  UuTtR  CaSE  STATIC  PRtsSi’RL  , . 83, *4  PSIA 

air  Flu*  uATa;  p-Rcf*  112.7  PSIA  UElTA  P*  3.13  "Hb  T-REF*  41.  Otb  F 
FutL  srsitn  uata: 

Futw  P/m  Pkc.iJuc.nCY  Out.  HZ  VULuRt TR I C FLU*  rate  26.23  GAL/HR 

Full  PRtSsuRt  Al  t/M  263.6  PSIA  FUEL  TEmP  AT  E/m  6l.  OEb  E 

S5  In  TEHPtRATuRE  SlJRVE.Y! 

baa*  1304,  utb  E a 4 3 * lo54,  OtG  F «40*  1277.  uhG  F 447*  119o.  DEG  F 
446*  i*do.  utb  r a 

GAS  ANALYSIS  data  fur  GAS  SAMPLES  TAKtN  In  T Ht  tXnAuST  UUCT 
LMlM I l AL  F/A  ratio:  .313793  CUMbUSTION  EFFICIENCY!  99.6636  * 

>'t  ASURLU  L02S  3.313  * PEASURtO  02!  16.2(1  X CALLULATEU  02!  16.38  X 
analysis  unto:  f/a  Is  ,313927  when  calculated  using  measured  u2  value 


cm  I S3  IONS  MEASUREMENTS 

LO'-iLUh  T K A T i ON 

emissions  index 

INSTRUMENT 

PPM 

Lb  7 1 333  Lb  Fuel 

SUURCt 

cu 

73,45 

4.213 

oECKMAN  no  I R 

(,"» 

.21 

.319 

bECAMAN  Fill 

NO 

ol.sl 

7.993 

AMI 

ChEhlLUMlNfcbCfcNLE 

NUA 

oo,d7 

0.33/ 

AM  1 

ChtMlLUHlNtSCuNLE 

HU 

79.03 

7.023 

btCKMAN  Nrn»  1 

o7 , 69 

o • o 1 7 

bPCKMAN  [NOIR  ♦ NUiJVl 

AOSULUfP.  HUMIDITY  * 4 . So  uRAlNS 

PtR 

PUUNO  OF  ury  AIR 

SNUAC  NUMOtR  * .33 

Figure  56.  Prechamber  Liner  No.  13  Rig  Data  at  55%  Power. 
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CyMOUS ( IUN  wr^tahCH  LAOnRATjRY  - FEASIBILITY  Wit,  t.  X PF.r  1 "fcuT  s 
too  Ttwt  CUMOUSlDR  TEST  - PIG  u/U  1/3.  TtST  StRItS  -A,  wFADINL  « 179b 
Cyt'o  litl-,  P/9  MiZZLt  P/N  tXllbb/xC.  JP-4  K/tL. 

r c$i  jAit:  J2/J0/75  time  uF  Day;  i 4 i ft : 5 b hours 


CYl.Lt.  RulNT 


/5X  POpEP  SFTTIN'G 


tXPt.hlWt-.NTAL  CONDITIONS 


OORnlR  A1P  tU'K 
Avl>  HOPNtP  iNLtl  PRto 
AVU  BJPNtP  DtL  T A P 
OVLpAlL  F/A  WATIU 
A i h LuAi.l  r AlT  t'.P  1 

Bui  njT  SPOTS  U ^3  » 
Futu  1 ■!  L t T Tt'lPr.KATiiDt 
BOAT  LUAJiUo  PAPAHtTtP 


3.173  Lrt/seC 
p2.9  PS  I A 


/.<*/ 
0lb72 
. sob? 

1940. 

b3. 


" Hli 
(F/H) 

deg  ► 

tt  0 F 


AVG  BURNER  INLET  TEMP 
Ayr,  BuPNtR  OUTLET  TEmP 
PPtSSURfc  LOSS 
FUtL  FLOP  KATE 
PATTERN  FACTOh 
PAX  POT  / A V 0 POT 
FUEL  INLET  PR  t S 5UpF 


515.  OEG  F 
1/1:4.  CEO  F 
3.9b  X 

213, 8y  lH/pp 
„ 10J39 
1 .11:8b 
1 39 . b PSIA 


.b3b4St*0b  UTU/HOUM/ATU/CUPIC  FUUT  (V*  1 . Yi(MF0  Ct  J 


**•»•••••***••*•■•«  ouhNth  OUTLET  TtPPFhATUht  SuRvtY  A****************** 

ID  ft.-TP  u,  temp  10  TEMP  1C  TtMP  10  TEMP  10  TEPP  10  TE*P 

Annulus  1 *1  1019.  24  1014.  2/  lftb7.  30  1/29.  33  18b/.  36  1029.  39  1747. 

ANNuLUS  2 22  lbJ9.  2b  1J46.  20  10b7.  31  1620.  34  1894.  37  1/60.  40  16b3. 

Annulus  3 23  l«3u,  20  lbbl.  29  1030.  32  1332.  30  1829,  38  149;;.  41  1638, 

LtF  I SIDE  **«•*»****•■  A I h 1 nL  t T T JOE  CONDITIONS  ************  hll.HT  SIDE 


TOTAL  PHESauKt  92.9b  PSIA  TOTAL  PKtSSURt  92.03  PSIA 

A1P  lcrlPcPATuht  bib,  OEG  F AIR  TtMPERATUhE  bib.  DEG  F 

COMuUSTuR  OdTlp  LASt  STATIC  PPESSUKt 0 9l.n8  PSIA 

AIR  FLOW  DATAS  P-PtF's  1111,3  PSlA  OtL  T « P«  4 . 71 6 "HG  T-KFF«  42.  OFG  F 
FutL  arsTtu  Data: 

Full  F/rt  FhtDutNLY  77o,  HZ  VOLUMETRIC  Flop  RATE  33.71  GAl /HP 

FUtL  PRtSSOKt  AT  I-/M  240.3  PSIA  FUEL  TEMP  AT  F/H  0/.  DEO  F 


SKIN  TEMPtRATUPt  SURVEY: 

«443  1 1 b9.  DC.0  F «4b«  1 7 0/  , UEG  F H4tjs  1385.  OEG  F »47«  1150.  DEG  F 
44t>  * 1400.  U 1 0 p 4 


GAS  ANALY5IS  DATA  COR  GAS  SAMPLES  TAKEN  In  T Ht  EXHAUST  CUCT 
cHtfilCAL  F/4  PATIOS  .010246  C0MBU5T IUN  EFFICIENCY!  99.8932  X 
HtASUPtU  CU2S  3.047,  X HtASUPtO  02!  15.30  X CALCULATE!;  U2:  15.65  X 
ANALYSIS  LHtLo:  F/A  is  .010546  WHEN  CALCULATED  USING  MEASUhFU  U2  VALUE 


EMISSIONS  MEASUREMENTS 
CONCENTRATION  EMISSIONS  iMJtX 
PPM  L5/1000  Lb  FUEL 

instrument 

source 

Cl) 

54.52 

2.660 

BECKMAN  NMR 

Chx 

.17 

.014 

BECKMAN  F 1 0 

nU 

1 u 4 , 0 1 

6.988 

AMJ 

cmemiluminescenle 

Nil* 

104.01 

0.98b 

AMI 

CHEMILUMINESCENCE 

HU 

102.75 

8.879 

BECKMAN  NDIR 

NU  X 

100.3/ 

9.364 

BECKMAN  [NDIR  ♦ NLUVJ 

ABSuLUlt  HUMIDITY 
SMOAt  NUMBER 

■ 4.36  GRAINS 

■ .00 

PER 

POUNO  OF  u«T  AIR 

NO  PILOT. 

Figure  57.  Prechamber  Liner  No.  13  Rig  Data  at  75%  Power. 
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LunjUsTlO.,  RESE.ahCm  LABORATORY  - FEASIBILITY  PIG  EXPERIMENTS 
Tb3  fYPt  lOMujS  I CP  TEST  - MI(,  o/O  1/3,  TEST  SERIES  -A,  REAOlNG  A 1799 
L2oo  lINcK,  p/-,  tAli629l,  NUIILt  P/N  EXll5d7bC,  JP-4  FUEL. 
ftST  oAftS  '.iM/»m//3  TIMt  OF  OAY!  1430:38  HOURS 


Ctl.Lt  PulNT  / 

***•*••••«•«*•••***••••  tXPtMIMtMAL 
BURNER  A 1 K FLU*  0.334  LH/SfcC 

AVu  OU RnLR  iNLtl  PMES  113,1  PSlA 

AVI,  bOHwtK  UELTa  P O.i fl/  "MG 

OVE»AlL  E/A  MAT Uj  .021*2  (E/M) 

AIM  LJAU  F A L I UR  1 • 0 3 0 *) 

JOT  MJ1  SPul!  » J«  s 2,78.  OtO  F 
FUcL  INLET  Tt  ''tKfcfijHt  00,  OEG  E 
REaT  LOAblNu  PARAdtTtR  ./J4o5e*G6  d 


IkiklX  PO«EK  setting 

CONDITIONS  ****«•*•**«•****•**••*• 

AV5  BURNER  INLET  TEMP  5/e.  DEG  E 
AvG  BURNER  (JOTLtT  TfcMp  1916.  OEG  F 
PMESSUHE  LOSS  3,65  X 

EufcL  ELU 4 M A Tt  203,01  LB/HW 

PATTERN  EACTOM  .192/2 

MAX  HUT  / AvG  BUT  1.1355 

Fuel  inlet  PRESSURE  l7o.5  PS  1 A 
IU/hOUP/ATM/CUBIC  FOOT  IV*  1.000PI40) 


*»•«»•••••••«••****  burner  OUTLtT  TtMPEMATUME  SURVEY  a****************** 

iu  Tt.ip  I L TE.MP  lo  TtMP  10  TtMP  10  TEMP  10  TtPP  lb  TtPP 

ANNULUS  1 Ml  2H4J.  24  1J/7,  2/  1654.  3d?  1892.  33  2135.  36  2v/3,  39  1934. 

ANNdljS  2 mm  2051.  25  21b/,  28  1951  . 31  1791  . 34  2178,  37  2K&0.  40  182 P. 

annulus  3 23  1/43.  26  1p64.  29  1737,  32  1438.  35  2108.  38  1721.  41  1739. 


LtM  SIDE  •*»•••»*•*••  AIK  INLET  Tubt  L0N01TI0NS  *»*«*•****•*  RIGHT  SIUE 

total  pressure  103.03  psia  total  pressure  103, (?9  psia 

AAm  T cMPtR  At  J«t  3/  0 , (JED  F AIM  TtMPER  ATUHt  S7ltf.  Dtb  F 


COmbuSTJR  Du  1 tR  Case  STATIC  PRESSURE 10U.9P  PSIA 

AiN  E lO a <1 A T A 5 P-rcE ■ 112.5  PSIA  OElTA  P»  4.41  "HO  T-REF*  45.  DEG  F 
FuEl  SYSTEM  dATa: 

FuEl  E/n  PKtUUCNCt  *56.  H i VOLUMETRIC  FLOP  RATt  41.33  GAL/HR 

Fuel  PNESSURt  AT  P/M  349.3  PSIA  PUEl  TEMP  AT  E/M  63.  DEG  P 


onIn  TEMPERATURE  SURVEY! 


444*  1233 
44J«  14/M 

, UtG  E 0 4 5* 
• Uti>  E tt 

182k).  LEG  E 046* 

154? 

. DEG  P »47*  1299. 

DEG  F 

u AS 

analysis  uata 

E(JM  GAS  SAMPLtS  TAKtN 

IN  T Mt  tXkiAUST  OUCT 

CHcMILal  F/A  hAfltj: 

.021533  COMBUSTION 

EFFICIENCY!  99.9276 

X 

Mt  AsJRlU 

LU2 • 4.351  4 

PEASUHtU  02 « 14. 

50  X 

CALCULATED  02!  14. 

66  X 

analysis  cmlC*:  e/a  is 

.021693  RMEn  CALCULATED  USING  MtASUREU  u2 

value 

EMISSIONS  MEASUREMENT S 

lUNLEnTRA  Tl On 

emissions  Index 

INSTRUMENT 

PPM 

LB/10I4B  LB  FUEL 

SOURCE 

LO 

28.15 

1.269 

BECKMAN  NDIR 

Cma 

.38 

,1427 

BECKMAN  FID 

mO 

127.96 

9.47b 

AMI 

CHEMlLUMINESCtNCE 

NOX 

12/. Mb 

9.47b 

AMI 

CHEMILUMINESCENCE 

Nu 

13k). «10 

9.627 

bECKMAn  NDIR 

nOX 

• m m • 

130.43 

lk).  103 

BECKMAN  {nDIR  * NbllVl 

AeSULUtt  nuMlblTr  • 4.36  GRAINS  PER  PUUNO  OE  DRY  AIR 

smoke  numuek  * .aw 

no  pilot. 


Figure  58.  Prechamber  Liner  No.  13  Rig  Data  at  100%  Power. 
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Unburned  Hydrocarbon  Emissions  Index  - gm  C H /kg  Fuel 


-I 


Figure  59.  Prechamber  Liner  No.  13  and  Baseline  Liner  Unburned 
Hydrocarbon  Emissions. 
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Carbon  Monoxide  Emissions  Index  - gm  CO/kg  Fuel 


■ 


0 20  J40  60  80  100 

Percent  Output  Horsepower 


Figure  60.  Prechamber  Liner  No.  13  and  Baseline  Liner  Carbon 
Monoxide  Emissions. 
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Nitrogen  Oxides  Emissions  Index  - gm  NOy/kg  Fuel 


SAE  Smoke  Number  (ARP  1179  Frocedure) 


Exhaust  Pattern  Factor 


LOw-ENisSION  PReCHANBER  COMBUSTOR  SYSTEM  NO.  13.  RIG  TEST  AT  75*  POWER  POINT 
TEST  OATE  a 2-  6-75  HEADING  NUMBER  = 179ft  INLET  TEMP  = 515. 

EN6INE  NUMBER/NAME  = COMB.  RIG  / MODEL  250-C20B  ENGINE  TOT  = 1255. 

OUTER  CASE  NUMBER/NANE  = EX-119012  / 3 INCH  EXT.  LEN6TH 

LINER  NUMBER/NANE  « EX-116291  / PRECHAMBER  NO.  13 


• ••••ANNULUS 


AVERA6E  TEMPERATURE 
MAXIMUM  TEMPERATURE 
IAvG-InlET)  TEMP 
(MAX-AvGI  temp 
MAX  TEHP/AVG  TEMP 
<n«x-avg>/< avg-ini 
I AVG-AVG  TOTAL) 

I TIP-HUB > AVG  TEMP 
(AVG  TOTAL-TOT) 


HUB 

MID 

17S0.3 

1777.3 

lftftT.O 

1996.0 

1265.3 

1262.3 

«6. 7 

16S.7 

1 . 0*)ft7 

1.0999 

0.0605 

0.1337 

56.0 

53.0 

TIP 

TOTAL 

1615.9 

1724.3 

1036.0 

1946.0 

1100.9 

1209.3 

220.6 

221.7 

1.1365 

1.1266 

0.2004 

0 .1633 

-10ft. 9 

-164.9 

469.3 

Figure  64.  Prechamber  Liner  No.  13  Exhaust  Temperatures 
at  75%  Power. 

140 


l 


el 

LOW-EMISSION  P RECHAM8ER  CO« BUSTOr  SYSTEM  NO.  13.  RIG  TEST  AT  lOOK  POWER  POINT 
TEST  OATE  = 2-  6-75  READING  NUMBER  s 1799  INLET  TEMP  * 570. 

ENGINE  NUMOER/NAHE  s COMB.  RIG  / MODEL  250-C20B  ENGINE  TOT  r 1490. 

OUTER  CASE  NUMBER/NAME  s EX-114012  / 3 INCH  EXT,  LENGTH 


LINER  NUMBER/NAHE  s 

EX-116291 

/ PRECHAMBER  NO.  13 

* • < 

►••ANNULUS* 

• • • • 

average  TEMPERATURE 

HUB 

MIO 

TIP 

TOTAL 

1966.4 

2001.1 

1767.9 

1916.5 

maximum  TEMPERATURE 

2135.0 

2176.0 

2106.0 

2176.0 

IAVG-INlET)  TEMP 

1416.4 

1431.1 

1197.9 

1348.5 

(MAX-AWG)  TEMP 

196,6 

176.9 

340.1 

259.5 

MAX  TEMP/AVG  TEHP 

1.0746 

1.0664 

1.1924 

1.1353 

(MAX-Avg)/(AVG-IN) 

0.1049 

0.1236 

0.2640 

0.1925 

(AVG-AV6  TOTAL) 

66,o 

62.7 

-150.6 

<tip-hub>  avg  temp  -21a. g 

I AV6  TOTAL-TOT)  426.5 


Figure  65.  Prechamber  Liner  No.  13  Exhaust  Temperatures 
at  100%  Power. 
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Liner  Metal  Temperatur 


Liner  ffetal  Temperature 


2000 


1200 


Thermocouple  Locations 

(degrees  clockwise  from  top  viewed  downstream) 


O Reaction  Zone 
A Reaction  Zone 

8 Reaction  Zone 

Intermediate  Zone 
O Rear  Seal 


0° 

120° 

240° 

0° 

0° 


Percent  Output  Horsepower 

Figure  67.  Prechamber  Liner  No.  13  Metal  Temperatures, 
Main  Plus  Pilot. 


TABLE  40.  TIME-WEIGHTED  LOH  DUTY  CYCLE  EMISSIONS 
SUMMARY  FOR  BASELINE  AND  LOW  EMISSIONS 
PRECHAMBER  COMBUSTORS  FROM  RIG  TESTS 

INDEX 

Combuster  Linar 

Highest  Cycle 
Power  Level 
Tested 

Maximum 

Smoke 

Number 

Emissions  Index  (ga/kg  Fuel) 

(t  of  Baseline) 

^xHy  CO  N0X  Total 

250- 

C20B  Baseline 

100% 

42.34 

2.287 

23.955 

5.396 

31.639 

75% 

42.34 

2.478 

25.960 

5.248 

33.687 

55% 

39.90 

3.413 

33. 306 

4.944 

41.663 

Prechamber 

i. 

EX-114014 

100% 

88.70 

.327 

19.310 

5.604 

25.242 

14% 

81% 

104% 

80% 

2. 

EX-114016 

75% 

52.19 

.155 

8.202 

6.224 

14.582 

6% 

32% 

119% 

43% 

3. 

EX- 114 01 6A 

75% 

1.94 

.282 

10.010 

5.855 

16.149 

11% 

39% 

112% 

48% 

4. 

EX-114771 

55% 

52.22 

.191 

8.756 

6.070 

15.019 

6% 

26% 

123% 

36% 

5. 

EX-115256 

55% 

1.92 

.459 

4.283 

7.357 

12.100 

13% 

13% 

149% 

29% 

6. 

EX-115861 

75% 

.00 

.574 

3.485 

9.559 

13.619 

23% 

15% 

176% 

43% 

7. 

EX-115864 

100% 

13.79 

.196 

3. 164 

12.994 

16.355 

9% 

13% 

241% 

52% 

8. 

EX-115865 

55% 

1.17 

.068 

2.826 

10.080 

12.975 

* 

2% 

8% 

204% 

31% 

9. 

EX-115888 

75% 

.83 

5.179 

15.418 

5.942 

26.539 

209% 

59% 

113% 

79% 

10. 

EX-115893 

100% 

14.81 

.789 

7.107 

7.973 

15.870 

34% 

30% 

148% 

50% 

11. 

EX-115894 

75% 

38.22 

.093 

4.523 

7.548 

12.166 

4% 

17% 

144% 

36% 

12. 

EX-116290 

100% 

2.29 

.165 

4.657 

8.935 

13.758 

7% 

19% 

166% 

43% 

13. 

EX-116291 

100% 

.00 

.025 

4.174 

8.426 

12.626 

. 

It 

17% 

156% 

40% 

TABLE  41.  EXHAUST  TEMPERATURE  PROFILES  FROM  BASELINE 
AND  LOW  EMISSIONS  PRECHAMBER  COMBUSTORS, 
USING  TEST  RIG  DATA 


Pattern  Factor, 
m ct  sl  in 

T /T 
m a 

Combustor  Liner 

■i  i ■ i 1 1 — 

■?5%  Power 

100%  Power 

Acceptable  Maximum 

— 

.250 

— 

1.180 

Baseline  250-C20B 

.143 

.148 

1.101 

1.106 

Prechamber 

1.  EX-114014 

. 195 

.186 

1.137 

1.133 

2. 

EX-114016 

. 356 

. 301 

1.250 

1.213 

3. 

EX-114016A 

. 395 

— 

1.278 

— 

4. 

EX-114771 

. 303* 

— 

1.213* 

— 

5. 

EX-115256 

.339 

— 

1.239 

— 

t. 

EX-115861 

.274 

— 

1.197 

— 

7. 

EX-115864 

.256 

.250 

1.183 

1.178 

8. 

EX-115865 

.281* 

— 

1.199* 

— 

9. 

EX-115888 

. 354 

— 

1.248 

— 

10. 

EX-115893 

.255 

.236 

1.178 

1.165 

11. 

EX-115894 

.261 

— 

1.196 

— 

12. 

EX-116290 

.220 

.190 

1.153 

1.134 

13. 

EX-116291 

.183 

.193 

1.129 

1.136 

* 55%  Power  data  due  to  high  liner  metal  temperatures 


TABLE  42.  MAXIMUM  MEASURED  METAL  TEMPERATURES  AND 
COMBUSTION  SYSTEM  PRESSURE  DROPS  FOR 
BASELINE  AND  LOW  EMISSIONS  PRECHAMBER 
LINERS,  USING  TEST  RIG  DATA 


Combustor  Liner 

Temperature, °F 

Pressure 

Drop , % P/P 

75i  Power 

100%  Power 

Acceptable  Maximum 

— 

1700. 

-- 

5.00 

Baseline  250-C20B 

1315. 

1505. 

3.72 

3.81 

Prechamber 

1. 

EX-114014 

1611. 

1760. 

2.86 

2.48 

2. 

EX-114016 

1726. 

— 

2.93 

— 

3. 

EX-114016A 

1606.* 

— 

2.92* 

— 

4. 

EX-114771 

1638.** 

— 

2.97** 

— 

5. 

EX- 11 52 56 

1525. 

— 

3.80 

— 

6. 

EX-115861 

1288. 

— 

4.27 

— 

7. 

EX-115864 

1737. 

1905. 

4.38 

4.64 

8. 

EX-115865 

1983.* 

— 

5.06* 

— 

9. 

EX-115888 

1078. 

— 

3.73 

— 

10. 

EX-115893 

1143. 

1299. 

4.11 

4.13 

11. 

EX-115894 

1649. 

— 

3.29 

— 

12. 

EX-116290 

1790. 

1716. 

3.71 

3.64 

13. 

EX-116291 

1707. 

1820. 

3.95 

3.85 

40%  Power  conditions  at  standard  conditions. 


**  55%  Power  condition  maximum  due  to  high  metal  temperatures  at 

higher  power. 
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Figure  71.  Prechamber  Liner  No.  13  Metal  Temperature 
Pattern  at  100%  Power,  Internal . 
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Prechamber  liner  No.  13  was  painted  with  purple  TP-6  thermal  sensitive 
paint,  installed  in  the  combustor  rig,  and  operated  at  100%  power  at  Model 
250-C20B  engine  combustor  inlet  conditions  for  twenty  minutes.  The  re- 
sulting color  changes  in  the  paint  are  interpreted  in  the  photographs  shown 
in  Figures  68  through  71.  Temperature  ranges  for  the  thermal  paint  col- 
ors are  defined  in  Table  44.  The  external  paint  patterns  in  Figures  68, 

69,  and  70  show  that  the  reaction  zone  is  quite  cool,  mostly  under  1400°F 
(1190°-1270°F  on  two  thermocouples),  with  two  areas  showing  1400°- 
1700°F  (1550°F  on  the  third  reaction  zone  thermocouple)  and  one  small 
area  indicating  above  1700°F.  Being  uncooled,  the  intermediate  zone  pro- 
duced mostly  temperatures  in  the  1706°-1868°F  range,  with  several  re- 
gions of  the  next  higher  range  of  1868°-1976°F.  One  thermocouple  in  this 
1868°-1976°F  region  indicated  temperatures  of  1780°-1795°F.  Two  areas 
of  the  dilution  section  indicated  temperatures  in  the  1868°-1976°F  range, 
but  there  were  no  thermocouples  in  these  regions  for  temperature  corre- 
lations. The  rear  seal  thermocouple  read  temperatures  of  1600°-1615°F 
during  the  paint  run  and  the  thermal  paint  indicated  1400°-1706°F  tem- 
peratures at  the  same  location.  An  internal  photograph  of  the  thermal 
paint  results  on  the  prechamber  liner  can  be  seen  in  Figure  71.  The  im- 
pingement of  the  dilution  zone  film-cooling  holes  is  very  noticeable  in 
this  view.  The  internal  thermal  pattern  is,  as  expected,  similar  to  the 
external  pattern  with  the  general  increases  in  temperature  evident.  More 
holes  should  be  added  to  cool  the  dilution  zone  metal  and  film  cooling 
baffle  to  reduce  the  high  temperatures  seen  at  the  baffle  between  the  exit- 
ing cooling  holes. 


TABLE  44.  THERMALLY  SENSITIVE  TYPE,  TP- 6 PAINT 
TEMPERATURE  RANGE  INTERPRETATION 


Letter 

Temperature  Ran^e 

Over 

( °F ) 

5elow 

- 

968 

N 

968 

1400 

T 

1400 

1706 

P 

1706 

1868 

0 

1868 

1976 

M 

1976 

2030 

y 

2030 

2102 

R 

2102 

- 

Paint  Eroded 

150 


The  prechamber  liner  should  be  capable  of  engine  operation  although  some 
areas  do  reach  metal  temperatures  higher  than  the  1700°F  maximum  pro- 
gram goal.  Examination  of  the  liner  revealed  no  local  melting  or  thermal 
distortion. 

Prechamber  liner  No.  13  also  underwent  ambient  and  simulated  altitude 
starting  tests  on  the  combustor  test  rig.  The  standard  Model  250-C20B 
spark -ignition  system  was  used  with  the  spark  plug  mounted  approximately 
1.00  inch  downstream  of  the  fuel  nozzle,  normal  to  the  liner  centerline, 
and  had  the  plug  tip  flush  with  the  inside  surface  of  the  liner  vaporizer 
tube.  The  plug  insertion  depth  was  variable,  but  the  flush  setting  was 
used  throughout  the  test,  since  additional  penetration  was  not  required  to 
achieve  satisfactory  starts. 

Ambient  inlet  temperature  (37-43°F)  and  ambient  inlet  pressure  (14.  7- 
15.  6 psia)  starting  was  conducted  over  a range  of  airflow  rates  from  0.  48 
to  0.94  lb/ sec.  Combustor  pressure  drops  varied  from  1.8  to  6.  3%. 
Successful  starts  were  accomplished  at  the  conditions  given  in  Table  45. 

The  inlet  pressure  was  then  reduced  to  approximately  5.  46  psia  to  simu- 
late the  ambient  pressure  at  25,000  feet.  At  this  condition,  starts  were 
attempted  at  airflow  rates  from  0.  19  to  0.27  lb/sec.  Successful  starts 
were  achieved  at  the  0.  19  lb/sec  airflow  rate,  as  documented  in  Table  45. 


TABLE  45.  OPERATING  CONDITIONS  UNDER  WHICH  PRECHAMBER 
LINER  NO.  13  ACHIEVED  SUCCESSFUL  STARTS 


Airflow 
( lb/see ) 

Inlet 
Press . 
(psia) 

Inlet 

Temp. 

(°P) 

Press. 

DrojD 

Fuel 
Pilot 
( lb/hr) 

Flow 

Main 

(lb/hr) 

Outlet 

Temp. 

(°F) 

.479 

14.69 

42. 

1.79 

- 

21.9 

837. 

.597 

14.88 

37. 

2.63 

- 

22.2 

699. 

.653 

15.01 

37. 

3.21 

- 

26.1 

777. 

.191 

5.42 

34. 

1.18 

- 

19.1 

901. 

All  of  the  starting  was  accomplished  using  the  DDA  airblast  fuel  injector  EX-115870C  with 
only  the  main  airolast  fuel  system.  For  this  combustor  a separate  pilot  fuel  system  was  not 
required  for  starting. 
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MODIFIED  CONVENTIONAL  COMBUSTOR 


The  modified  conventional  combustor  design  concept  and  the  prechamber 
combustor  design  concept,  discussed  in  the  preceeding  section,  were 
developed  simultaneously  in  the  DDA  Combustion  Research  Facility. 
Beginning  with  the  technology  demonstration  combustor  from  the  previous 
contract,  this  combustor  also  passed  through  a series  of  development 
configurations  and  combustor  rig  tests  with  the  goal  of  achieving  the  accep- 
tance criteria  defined  in  Table  2.  This  combustor  performance  goal  in- 
cluded a 50%  reduction  in  the  LOH  duty  cycle  time-weighted  exhaust 
emissions  produced  by  the  production  Model  250-C20B  engine  combustor. 

It  would  also  exhibit  a good  exhaust  temperature  profile,  low  pressure 
drop,  satisfactory  liner  metal  temperatures,  stability,  a lean  blow-out 
margin,  acceptable  ignition,  and  a size  compatible  with  engine  installation. 

Operating  conditions  for  the  modified  conventional  combustor  were  the 
LOH  duty  cycle  conditions  defined  for  the  Model  250-C20B  engine  in  Table 

1.  Low-emission  features  incorporated  into  the  modified  conventional 
were: 

1.  Airblast  fuel  injection  instead  of  pressure-atomized  fuel  injection 
for  improved  fuel  break-up  and  distribution  and  for  more  uniform 
and  smaller  fuel  droplet  sizes. 

2.  Convection  cooling  of  the  liner  primary  zone  instead  of  film 
cooling  to  reduce  the  quenching  of  carbon,  carbon  monoxide,  and 
unburned  hydrocarbons. 

3.  Delayed  dilution  to  allow  more  residence  time  at  intermediate 
temperatures  to  permit  the  more  complete  oxidation  of  carbon, 
carbon  monoxide,  and  unburned  hydrocarbons,  especially  at  low 
power. 

4.  Variable  dilution  geometry  to  permit  external  control  of  the  pri- 
mary zone  airflow  distribution  and  thus  the  local  equivalence 
ratio  and  temperature  to  either  encourage  the  oxidation  of  carbon, 
carbon  monoxide,  and  unburned  hydrocarbons,  or  suppress  the 
oxidation  of  nitrogen  and  nitrogen  compounds. 

The  modified  conventional  liner  was  maintained  at  the  same  overall  length 
as  the  production  baseline  liner,  9.  56  inches.  The  outer  case  was,  in 
fact,  a production  outer  case  with  two  access  tubes  through  which  the  liner 
dilution  variable -geometry  actuator  rods  passed.  The  ignition  system 
used  was  identical  to  the  production  capacitive-discharge  ignition  from  the 
Model  250-C20B  production  engine.  The  entire  liner  dome  was  from  a 
production  liner,  including  swirl  baffles  and  igniter  ferrule,  but  the  fuel 
nozzle  ferrule  was  replaced  to  accommodate  the  larger  diameter  of  the 
airblast  fuel  nozzle. 
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Each  of  the  modified  conventional  combustors  tested  during  the  develop- 
ment phase  of  the  program  will  be  discussed  briefly  in  this  section. 
Photographs  and  test  data  tables  will  be  included,  as  well  as  LOH  duty 
cycle  emission  summaries  and  percentage  comparisons  against  baseline 
emissions.  A set  of  summary  tables  will  be  presented  at  the  end  of  the 
section,  as  well  as  thermal  paint  documentation  of  liner  metal  tempera- 
tures at  takeoff  conditions,  plus  rig  test  results  of  ambient  and  simulated 
altitude  ignition. 

During  a development  program  the  incorporation  of  variable  geometry  into 
a mechanical  design  to  be  used  in  the  minimization  of  exhaust  emissions 
requires  significantly  more  data  points  than  a fixed  combustor  design  to 
assess  the  effectiveness  of  the  variable  geometry  and  the  trade-offs  pos- 
sible over  the  duty  cycle.  Because  test  time  is  so  much  more  expensive 
than  analysis  time,  it  is  necessary  to  record  enough  data  at  different  op- 
erating conditions  and  geometry  settings  so  that  the  character  of  the  liner 
can  be  mapped  and  then  dealt  with  analytically.  For  the  modified  conven- 
tional combustor,  from  three  to  five  different  settings  were  selected  prior 
to  operating  the  combustor  at  the  six  or  seven  operating  conditions  in  the 
LOH  duty  cycle.  The  particular  geometry  settings  tested  were  chosen 
during  the  rig  test  to  produce  emissions  data,  whenever  possible,  on  either 
side  of  the  baseline  emissions.  These  data  were  then  plotted  as  shown  in 
Figure  72.  A smooth  family  of  curves  were  drawn  through  these  data  to 
both  smooth  any  scatter  in  the  emissions  values  and  to  permit  interpolation 
of  emissions  at  geometries  between  those  actually  run.  The  generation  of 
an  emissions  matrix  which  included  eight  or  ten  geometry  settings  mini- 
mized the  possibility  of  missing  minimum  emissions  combinations. 

For  the  eventual  engine  testing,  the  control  for  the  variable  geometry  ac- 
tuation was  a two-position  system:  one  position  for  low  power  and  one  posi- 
tion for  high  power  engine  operation.  An  infinitely-variable  geometry 
control  would  have  resulted  in  slightly  lower  emissions,  but  the  complexity 
was  not  warranted  for  this  engine  demonstration.  Therefore,  for  most 
modified  conventional  combustor  configurations,  two  LOH  duty  cycle  emis- 
sions summaries  are  presented:  the  first  using  the  actual  data  point  emis- 
sions and  the  second  using  the  interpolated  or  curve -fitted  emissions  for 
each  emission  type. 

Modified  Conventional  Liner  No.  1 

This  combustor  is  the  same  piece  of  hardware  which  concluded  the  tech- 
nology demonstration  testing  in  the  previous  contract.2  A photograph  of 
this  liner  appears  in  Figure  73.  The  airblast  fuel  nozzle,  designed  and 
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Figure  72.  Typical  Emissions  Interpolation  Curves  for  Modified 
Conventional  Liner  Variable  Geometry  Data. 
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fabricated  by  the  Ex-Cell-O  Corporation,  used  radial  swirler  slots  which 
brought  air  past  the  simplex  main  spray  tip.  A separate  spacer  main- 
tained adequate  clearance  between  the  nozzle  and  liner  ferrule  to  assure 
an  adequate  air  supply  to  the  swirl  slots.  A photograph  of  the  fuel  nozzle 
is  given  in  Figure  74. 

Because  of  the  lack  of  effectiveness  experienced  in  the  technology  program 
at  dilution  settings  between  72%  and  100%  open,  only  two  settings  were  ex- 
plored during  this  test:  50%  and  75%  open  based  on  linear  travel  of  the 
actuator  rods.  The  combustor  rig  test  results  for  the  75%  open  dilution 
setting  are  shown  in  Table  46  and  the  50%  open  setting  in  Table  47.  For 
the  common  power  points,  40%  and  55%  power,  the  50%-open  geometry 
setting  gave  lower  emissions  and  a better  pattern  than  the  more  open  set- 
ting. 

The  LOH  duty  cycle,  time-weighted  average  emissions  shown  in  Table  48 
were  based  on  emissions  from  75%  open  geometry  setting  for  operational 
idle  and  25%  power  and  from  the  50%  open  geometry  setting  for  all  higher 
power  levels.  The  percent  of  baseline  values  were  computed  using  the 
second  set  of  baseline  emissions  recorded  after  the  repair  of  the  combus- 
tor rig.  If  these  modified  conventional  liner  emissions  were  compared 
with  the  initial  baseline  emissions  (the  same  rig  conditions  for  both  tests), 
the  percentages  would  be  37%  for  CHX.  50%  for  CO,  131%  for  NOx,  and 
66%  for  total  emissions.  Based  on  these  data,  there  was  no  trade-off 
possibility  between  CO  and  NOx  since  both  required  reductions  to  achieve 
the  goal  of  a 50%  total  reduction. 

Modified  Conventional  Liner  No.  2 


Based  on  the  results  from  the  initial  combustor  configurations,  CO  re- 
duction could  be  accomplished  through  additional  intermediate  zone  resi- 
dence time,  but  NOx  reduction  must  be  attempted  by  suppressing  the 
maximum  flame  temperatures  by  adding  more  air  to  the  primary  zone  to 
lean  the  local  fuel-air  ratio.  Also,  to  gain  better  primary  zone  penetra- 
tion, 0.  561  inch  in  diameter  tubes  were  used  instead  of  the  0.  500  inch  in 
diameter  holes  used  on  the  previous  configuration.  For  this  combustor, 
the  variable  dilution  geometry  feature  was  eliminated.  The  variable  area 
holes  were  replaced  by  a set  of  four  0.  938-inch  diameter  holes,  located 
2.00  inches  downstream.  Photographs  of  this  liner  are  presented  in  Fig- 
ures 75  and  76. 
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Figure  74.  Ex-Cell-O  Airblast  Fuel  Nozzle  Used  on  Modified 
Conventional  Liner  No.  1. 


To  produce  an  improved  fuel  spray  with  smaller  fuel  droplets,  the  liner 
was  tested  with  two  different  fuel  nozzles.  Both  nozzles  had  independently 
controlled  pilot  and  main  supply  tubes  for  fuel  control,  and  both  used  the 
same  body  and  filming-type  air-blast  main  fuel  system.  The  first  nozzle, 
EX-104414,  used  a 2.5  flow  number  simplex  pilot  tip  and  the  second  nozzle, 
EX- 107946,  used  a 3.  5 flow  number  splash  impingement  pilot,  as  shown  in 
Figure  77.  The  simplex-tip  pilot  nozzle  developed  a severe  leak  that 
terminated  its  testing  half  way  through  the  emissions  run.  The  second 
nozzle,  EX- 107946,  performed  satisfactorily.  As  shown  in  Table  49,  a 
separate  investigation  of  the  effects  of  fuel  flow  split  between  pilot  and 
main  was  conducted  at  two  power  points,  showing  that  at  low  power,  CO 
and  NOx  concentrations  can  be  traded  by  simply  adjusting  the  pilot-main 
flow  split.  Data  for  a constant  20-lb/hr  pilot  flow  are  summarized  in 
Table  50.  These  emissions  levels  were  time -weight  averaged  over  the 
LOH  duty  cycle  in  the  top  half  of  Table  51.  If  variable  pilot  flows  were 
utilized,  using  the  test  data  values  only,  the  reductions  in  CO  and  total 
emissions  illustrated  in  the  bottom  half  of  the  table  might  be  realized.  In 
this  combustor  system,  the  50%  reduction  in  total  emissions  was  achieved 
at  the  expense  of  increasing  NOx  emissions. 
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Figure  75.  Modified  Conventional  Liner  No.  2,  EX-114769, 
External  View. 
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Figure  76.  Modified  Conventional  Liner  No.  2,  EX- 114769, 
Internal  View. 
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Modified  Conventional  Liner  No.  3 


The  modified  conventional  combustor  No.  3,  shown  in  Figure  78,  had  two 
design  changes  compared  to  the  previous  version  tested. 

1.  The  DDA  airblast  fuel  injector,  EX- 107946,  was  replaced  with  a 
DDA  airblast  fuel  injector,  EX- 114779.  This  was  a change  in 
pilot  type  only,  as  described  below. 

2.  The  reaction  zone  airflow  was  increased  from  50%  to  55%  of  the 
total  flow  by  reducing  the  four  fixed-geometry,  dilution  holes 
from  . 9375  inch  in  diameter  to  . 8125  inch  in  diameter. 


Figure  78.  Modified  Conventional  Liner  No.  3,  EX-114769A. 
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Forcing  more  air  through  the  primary  reaction  zone  was  done  to  reduce 
the  flame  temperature,  thus  suppressing  NOx  formation.  To  counteract 
the  resultant  rise  in  CO  and  CHX  emissions  at  low  power  caused  by  the 
reduced  flame  temperature,  the  pilot  to  main  fuel  proportion  from  the  fuel 
injector  was  externally  controlled.  The  fuel  nozzle  pilot,  shown  in  Figure 
79,  atomized  the  fuel  through  a 60  x 60  mesh  screen,  producing  a narrow 
concentration  of  droplets.  As  recorded  in  Table  52,  the  pilot  fuel  rate 
was  varied  from  0 to  100%  (72  lb/hr)  of  the  fuel  rate  at  idle  and  over 
lesser  ranges  as  the  percent  power  operating  conditions  were  increased. 

In  general,  the  higher  the  pilot  flow,  the  more  concentrated  the  fuel  spray 
and  the  lower  the  exhaust  concentrations  of  CO  and  CHX,  caused  by  higher 
localized  flame  temperatures  in  the  primary  zone.  Because  the  pilot  flow 
number  was  small,  about  3.  5,  compared  with  the  main  fuel  flow  number, 
about  28.  0,  the  influence  of  pilot  flow  rate  on  emissions  and  combustor 
performance  could  only  be  observed  at  low  power  conditions  having  low 
total  fuel  rates. 

The  minimum  exhaust  emissions,  along  with  the  pilot  flow  rates  that  pro- 
duced them,  are  summarized  in  Table  53.  These  data  were  recorded 
through  75%  power  conditions.  Subsequent  to  this  test  run,  a repeatability 
test  was  conducted  to  include  100%  power  emissions.  These  data  are  given 
in  Table  54.  LOH  duty  cycle,  time-weight  averaged  emissions  are  pre- 
sented in  Table  55  for  the  initial  emissions  test  and  for  combinations  of 
the  two  tests  where  data  were  added  from  the  other  test  only  for  those 
conditions  where  testing  was  not  conducted.  For  both  individual  and  total 
emissions,  the  two  tests  duplicated  very  well.  The  emissions  appeared  to 
very  nearly  meet  the  goals  even  though  there  was  no  dilution  variable  ge- 
ometry in  this  design. 

Modified  Conventional  Liner  No.  4 

This  modified  conventional  combustor  was  fabricated  and  tested  to  docu- 
ment the  performance  advantages  of  dilution- zone  variable  geometry.  The 
photograph  in  Figure  80  reveals  that  the  only  change  in  this  liner  when 
compared  with  the  previous  liner  is  that  the  four  fixed  dilution  holes  of 
. 8125  inch  in  diameter  were  replaced  with  four  variable  area  holes  of 
1.22  x 1.40  inches  open  area  in  the  same  location.  Thus,  the  reaction- 
zone  airflow  could  be  varied  from  35%  to  60%  when  the  dilution  areas  were 
varied  from  100%  to  25%  open. 
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TABLE  52.  COMBUSTION  SYSTEM  PERFORMANCE  OF  MODIFIED  CONVENTIONAL  LINER 


Pattern  Factor  .2343  .2573  .2552  .2645  .3655 
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Factor  .2034  .2201  .2123 


TABLE  53.  COMBUSTION  SYSTEM  PERFORMANCE  OF  MODIFIED  CONVENTIONAL  LINER 
NO.  3 WITH  DDA  AIRBLAST  FUEL  NOZZLE  (EX-114779) 
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Pattern  Factor  .3655  .2041  .1996  .2201  .2123 


Pattern  Factor  .3494  .3^27  .2295  .2334  .2871  .2742 


TABLE  55.  TIME -WEIGHT -AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  FOR 
MODIFIED  CONVENTIONAL  LINER  NO.  3 (EX-114769A) . 


MOOIFIED  CONVENTIONAL  NO.  3,  EX-119769A .NOZZLE  EX-119779.  FIXED  7-2-79 


RDG  NO  T/T 

total 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1398. 

0.15 

72.88 

9.827 

65.321 

2.899 

72.992 

3.11 

1391. 

0.00 

105.95 

0.609 

30.058 

3.691 

39.353 

7.57 

1399. 

0.15 

135.37 

0.256 

16.897 

9.965 

21.618 

8.27 

1395. 

0.95 

162.83 

0.158 

9.359 

5.239 

19.751 

8.93 

1397. 

0.20 

215.88 

0.129 

3.910 

6.503 

10.537 

9.68 

0. 

0.05 

0.00 

0.000 

0.000 

0.000 

0,000 

0.00 

CYCLE  TOTALS 

197.69 

0.507 

12.995 

5.322 

18.771* 

9.68 

PERCENT  OF  BAsElINL 

100.50 

20.97 

99.86 

101.91 

55.73 

L 


MODIFIED  CONVENTIONAL  NO.  3,  EX-119769A, NOZZLE  EX-119779.  FIXED  7-2-79  ♦ 8-1-79 


K06  NO  T/T 

TOTAL 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

1927. 

0.00 

62.11 

11.586 

93.695 

2.985 

107.716 

0.02 

1388. 

0.15 

72.88 

9.827 

65.321 

2.899 

72.99? 

3.11 

1391. 

0.00 

105.95 

0.609 

30.058 

3.691 

39.353 

7.57 

1399, 

0.15 

135.37 

0.256 

16.897 

9.965 

21.61A 

8.2' 

1395. 

0.95 

162.83 

0.158 

*,359 

5.239 

19.751 

8.93 

1397. 

0.20 

215.88 

0.129 

3.910 

6.503 

10.537 

9.68 

1932. 

0.05 

265.30 

0.919 

1.802 

7.913 

10.129 

18.29 

CYCLE  TOTALS 

160.95 

0.999 

12.026 

5.536 

18.06? 

18.29 

PERCENT  OF  BASELINE 

100.56 

21.89 

50.20 

102.58 

57.09 

modified  conventional 

NO.  3.  EX- 

119769A. 

NOZZLE  EX- 

119779.  FIXED  8-1-79 

♦ 7-2-79 

ROG  NO  T/T 

TOTAL 

UF 

El  CHX 

E I CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

1927. 

0.00 

62.11 

11.586 

93.695 

2.985 

107.716 

0.02 

1928. 

0.15 

71.56 

9.999 

60.026 

2.696 

67.716 

3.13 

1929. 

0.00 

107.18 

1.287 

29.717 

3.839 

39.838 

5.19 

1930. 

0.15 

135,80 

0.636 

16.969 

9.990 

21.595 

12.29 

1931. 

0.95 

162.75 

0.993 

9.360 

5.139 

19.937 

17.17 

1397. 

0.20 

215.88 

0.129 

3.910 

6.503 

10.53? 

9.68 

1932. 

0.05 

265.30 

0.919 

1.802 

7.913 

10.129 

18.29 

CYCLE  TOTALS 

160.78 

0.688 

11.556 

5.980 

17.720 

18.29 

PERCENT  of  baseline 

100.95 

29.87 

98.29 

101.55 

56.00 
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Exhaust  emissions  and  combustor  performance  from  the  rig  test  are  sum- 
marized in  Table  56  for  the  four  dilution  area  settings  used:  100,  75,  50 
and  25%  open  areas.  Using  the  actual  emissions  data  through  75%  power, 
the  minimum  exhaust  emissions  with  low  NOx  levels  over  the  LOH  duty 
cycle  were  obtained  with  dilution  settings  of  100%  open  at  idle,  and  the  50% 
open  dilution  setting  from  25%  - 75%  power.  Plotting  the  actual  data, 
interpolating  additional  dilution  settings,  and  extrapolating  emissions  to 
100%  power  showed  that  50%  of  baseline  total  emissions  could  be  achieved 
with  a 100%  baseline  NOx  if  the  geometry  were  set  to  65%  open  from  idle 
through  55%  power  and  at  30%  open  above  55%  power.  These  emissions 
results  over  the  LOH  duty  cycle  for  both  the  actual  and  interpolated  dilu- 
tion settings  are  presented  in  Table  57. 

The  conclusions  from  this  test  were  that  to  achieve  the  50%  total  emis- 
sions reduction  goal,  a minimum  of  two  dilution  areas  must  be  used  within 
the  constraint  of  no  increase  in  NOx  emissions  above  baseline  levels.  The 
50%  total  reduction  in  mass  emissions  plus  a 10%  reduction  in  NOx  could 
not  be  simultaneously  achieved  with  this  type  of  configuration.  All  per- 
formance parameters  appear  quite  good,  but  the  pressure  drop  was  above 
the  5%  goal. 

Therefore,  the  next  modified  conventional  liner  had  larger  area  primary 
air  tubes  to  allow  the  geometry  to  be  opened  fully  at  idle  and  low  power 
to  maintain  satisfactory  emissions  levels  while  lowering  the  combustor 
pressure  drop. 

Modified  Conventional  Liner  No.  5 

This  modified  conventional  liner,  shown  in  Figure  81,  was  reworked  to 
have  a set  of  larger  diameter  primary  holes  to  lean  the  primary  zone  and 
permit  dilution  hole  areas  to  be  more  open  to  reduce  combustor  pressure 
drop.  The  primary  holes  were  increased  from  . 561  inch  to  .750  inch  in 
diameter.  To  feed  these  holes,  a set  of  . 500  inch  holes  was  added 
through  the  convection  cooling  shroud. 

A summary  of  the  test  data  recorded  for  this  combustor  is  presented  in 
Table  58.  It  is  clear  from  the  test  data  that  the  combustor  was  over- 
leaned in  the  design  change  since  very  small  CO  and  CHX  reduction  was 
possible.  Variable  geometry  emissions  over  the  LOH  duty  cycle  are 
presented  for  actual  data  at  a 100%-open  dilution  geometry  for  up  to  55% 
power  and  a 50%-open  dilution  setting  above  55%  power.  Using  the  inter- 
polated data  set  generated  from  the  actual  test  data,  settings  of  100% 
open  at  low  power  through  55%  power  and  25%  open  above  55%  power  gave 
the  minimum  total  emissions  while  holding  NOx  to  baseline  levels.  The 
over-lean  primary  zone  resulted  in  less  than  7%  reduction  in  total  emis- 
sions, as  seen  in  Table  59. 
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TABLE  57.  COMBUSTION  SYSTEM  PERFORMANCE  OF 
MODIFIED  CONVENTIONAL  LINER  NO. 


PERCENT  OF  BASELINE  99.36  15.58  91.70  99.97  99.75 


Figure  81.  Modified  Conventional  Liner  No.  5,  EX- 115257 


Modified  Conventional  Liner  No.  6 


The  change  producing  this  version  of  the  modified  conventional  concept 
was  a reduction  in  the  diameter  of  the  primary  holes  from  the  . 750 -inch 
size  of  liner  No.  5 to  a diameter  of  . 652  inch.  All  other  parts  of  the  liner 
remained  the  same  except  for  the  addition  of  a small  row  of  0.  125-inch 
diameter  holes  behind  the  primary  hole  tubes  to  discourage  flameholding. 
An  external  view  of  this  liner  configuration  is  presented  in  Figure  82. 


A summary  of  the  test  data  recorded  from  this  liner  is  given  in  Table  60 
for  the  same  set  of  four  dilution  hole  settings  as  were  used  on  the  previous 
modified  conventional  liner.  'Unburned  hydrocarbons  and  smoke  were 
reduced  significantly,  while  carbon  monoxide  showed  some  reduction  and 
nitrogen  oxides  a slight  increase,  as  expected  from  the  richer  primary 
zone. 


LOH  duty  cycle  emissions,  employing  the  actual  and  the  interpolated 
data,  used  50%  open  dilution  settings  from  idle  through  55%  power  con- 
dition and  the  25%  open  setting  at  75%  and  100%  power.  In  each  case, 
as  seen  in  Table  61,  NOx  emissions  were  kept  below  baseline  levels, 
but  with  this  constraint,  CO  and  CHX  could  not  be  reduced  enough  to 
achieve  the  50%  overall  reduction  in  emissions. 
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TABLE  58.  COMBUSTION  SYSTEM  PERFORMANCE  OF  MODIFIED 
CONVENTIONAL  LINER  NO.  5 HAVING  VARIABLE 
DILUTION  GEOMETRY  AND  USING  DDA  AIRBLAST  FUEL 
NOZZLE  (EX-114779)  WITH  SCHEDULED  PILOT 
FLOWS  AT  MODEL  250-C20B  ENGINE  CONDITIONS 


Opr'l 

Idle 

Percent 

Power 

— — ■ _ 

25 

40 

55 

75 

100 

70. 

60. 

40. 

20. 

20. 

10. 

T 160#  Dilution  Hole  Area 

A.  Emission® 

CO  (ppm) 

751.7 

587.# 

#35.9 

211.8 

CjHg  (ppm) 

16A.5 

38.3 

14.9 

5.0 

HO,  (ppm  NOg) 

26.3 

3#. 7 

#3.8 

60.8 

Smoke  Number 

17.6 

36.2 

41.6 

41.1 

coa  (#) 

2.78 

3.42 

3.68 

4.16 

B.  Oas  Analysis 

Cc*b.  Err.  (#) 

98.22 

99.0# 

99. #0 

99.73 

^■^heW^'^nech 

1.17# 

1.196 

1.161 

1.201 

C.  System  Performance 

Pressure  Drop  (£) 

2.65 

2.73 

2.96 

3.02 

W*avg  (*F/*F) 

1.1916 

1.187# 

1.1701 

1 . 1728 

Pattern  Factor 

.2622 

.2572 

.2367 

.2410 

11.  75#  Dilution  Hole  Area 

A.  Emissions 

CO  (ppm) 

556.1 

355.9 

75.1 

C3H6  (ppn) 

18.2 

5-2 

4.0 

HO,  (ppm  »0g) 

31.8 

50.6 

87.7 

Smoke  Number 

44.9 

44.9 

37.7 

COg  (It) 

3.  #7 

3.84 

4.44 

B.  Oas  Analysis 

Coab.  Eff.  (#) 

99.21 

99.54 

99.88 

p"*che«/p'Anech 

1.101 

1.131 

1.128 

C.  System  Performance 

Pressure  Drop  (%) 

3.12 

3.14 

3.20 

iMI/r,vg  ( *p/*p) 

1.H9I 

1.1692 

^.2015 

Pattern  Pactor 

.1668 

.2376 

.2817 

III.  50#  Dilution  Hole  Area 

A.  Emissions 

CO  (ppn) 

966.5 

751.7 

228.1 

52.4 

C3H8  (ppn) 

44.4 

15.1 

4.6 

3.9 

HO,  (ppm  H02) 

32.4 

38.2 

66.7 

100.7 

Smoke  Number 

#3.1 

46.8 

45.2 

39.2 

COg  (#) 

3.13 

3.55 

4.08 

4.55 

B.  Oas  Analysis 

Comb.  Eff.  (%) 

98.47 

98.99 

99.71 

99.90 

^chen/^'Anech 

1.036 

1.053 

1.019 

1.042 

C.  Syatem  Performance 

Preaaure  Drop  (#) 

3.58 

3.42 

3.43 

3.54 

Tma*/Tsvg  ( *F/*F ) 

1.0950 

1.1360 

1.1394 

1.1589 

Pattern  Factor 

• 13#3 

.1931 

.1962 

.2248 

2 5#  Dilution  Hoi.  Area 

A.  Btiaalona 

CO  (ppn) 

58.8 

CjHe  (ppn) 

4.1 

H0„  (ppn  W2) 

96.4 

Smoke  Number 

44.6 

COg  (#) 

4.33 

B.  One  Analyale 

Comb.  Eff.  (#) 

99.89 

*,'*ohen/,*"*nech 

.952 

C.  System  Performance 

Pressure  Drop  {%) 


(*»/•*) 

?»tf  m Pactor 


\ 
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4.35 

1.1208 

.1710 


TABLE  59.  TIME-WEIGHT-AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  FOR 
MODIFIED  CONVENTIONAL  LINER  NO.  5 
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PERCENT  OF  BASElINE  99.76  .107.21  90.62  99.75  93.38 


Figure  82.  Modified  Conventional  Liner  No.  6,  EX- 115860. 

The  conclusions  from  the  combustor  tests  of  liners  No.  5 and  6 stress 
the  point  that  overleaning  the  primary  zone  does  not  allow  adequate  con- 
sumption of  CO  to  occur  to  achieve  the  50%  reduction  in  total  emissions. 
Thus  the  primary  zone  must  be  richened  for  CO  and  CIIX  reduction.  The 
thick -walled  primary  air  tubes  may  have  adversely  affected  the  primary 
zone  recirculation  by  their  excessive  blockage.  Thus,  for  the  next  modi- 
fied conventional  configuration,  the  plunged  tubes  were  replaced  with 
formed  sheet  metal,  and  the  diameter  of  the  primary  holes  was  further 
reduced. 


Modified  Conventional  Liner  No.  7 


The  modified  conventional  liner  No.  7 was  changed  from  the  previous  de- 
sign to  have  a new  smaller -diameter  set  of  sheet  metal  plunged  primary 
holes  to  re-richen  the  primary  zone  for  the  reduction  of  CHX  and  CO 
emissions.  The  primary  holes  were  reduced  in  diameter  from  .652  inch 
to  . 500  inch. 
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TABLE 

60.  COMBUSTION  SYSTEM  PERFORMANCE  OF 
MODIFIED  CONVENTIONAL  LINER  NO.  6 
HAVING  VARIABLE  DILUTION  GEOMETRY 
AND  USING  DDA  AIRBLAST  FUEL  NOZZLE 
EX- 114779  WITH  SCHEDULED  PILOT  FLOWS 
AT  MODEL  250-C20B  ENGINE  CONDITIONS 

Pilot  Flow  Rate  (lb/hr) 

Opr'l 

Tdle 

Percent  Power 

25 

40 

55 

75 

TOO 

70. 

lo. 

40. 

20. 

20. 

10. 

I. 

100*  Dilution  Hoi.  Ar*. 

A. 

Emissions 

CO  (ppm) 

<135.9 

318.4 

211.8 

C3Hg  (ppm) 

14.4 

10.3 

4.6 

NO*  (ppm  NO 2 ) 

27.8 

42.0 

55.* 

Smoke  Number 

7.2 

15.0 

16.9 

COa  (*) 

2.45 

3.16 

3.31 

B. 

Qas  Analysis 

Comb.  Eff.  (*) 

99.12 

99.49 

99.67 

p~  Ac  hen/p~  *me  c h 

1.015 

1.104 

1.054 

C. 

System  Performance 

Pressure  Drop  (#) 

3.55 

3.43 

3. <*9 

■WW  ('?/'?) 

1.3800 

1.2294 

1.2091 

Pattern  Pactor 

.5199 

.3192 

.2938 

II. 

75J» 

Dilution  Hole  Area 

A. 

Emissions 

CO  (ppm) 

214.1 

146.8 

CjHa  (ppm) 

4.6 

2.1 

NO,  (ppm  N02) 

06.9 

60.9 

Smoke  Number 

11.5 

19.9 

COJ  (*) 

3.31 

3.73 

B. 

Gas  Analysis 

Comb.  Eff.  (*) 

99.67 

99.79 

*c  hem/F"  Ve  c h 

1.067 

1.082 

C. 

System  Performance 

Pressure  Drop  (#) 

3.75 

3.78 

W/T.vg  C»/*F) 

1.1745 

1.1647 

■ * 

Pattern  Factor 

• 2<t73 

•2335 

III. 

50# 

Dilution  Hole  Area 

A. 

Bnlsslons 

CO  (ppm) 

651.5 

300.9 

237.6 

81.3 

32.3 

C3Kg  (ppm) 

30.8 

6.0 

4.4 

3.0 

2.1 

NO,  (ppm  N02) 

20.6 

39.6 

64.6 

84.8 

120.5 

Smoke  Number 

3.2 

9.4 

10.5 

19.4 

22.4 

C02  (*) 

2.500 

3.26 

3.79 

4.33 

4.98 

B. 

Oas  Analysis 

Comb.  Eff.  (?) 

98.70 

99.54 

99.68 

99.88 

99.93 

p'*ch«i/p"Am.ch 

1.044 

1.051 

1.109 

1.105 

1.077 

C. 

System  Performance 

Pressure  Drop  (#) 

3.97 

4.31 

4.57 

4.17 

4.04 

IWT.vg  Cp/*p) 

1.2836 

1.1950 

1.2176 

1.1892 

1.1653 

Pattern  Factor 

.3916 

.2793 

■ 3156 

.2706 

.2337 

rv. 

25* 

Dilution  Hole  Area 

A. 

Bnlsalona 

CO  (ppm) 

349.4 

177.1 

51.3 

C3Hg  (ppm) 

4.2 

2.6 

1.9 

HO,  (ppm  H02) 

45. « 

56.8 

85.9 

Smoke  Number 

10.3 

13.9 

13.5 

C02  (*) 

3.95 

4.06 

4.72 

B. 

Oas  Analysis 

Comb.  Eff.  (*) 

99.57 

99.77 

99.92 

F"Achem/p“^ch 

1.157 

1.031 

1.017 

C. 

System  Performance 

Pressure  Drop  (#) 

5.26 

5.51 

5.50 

W/Tavg  Cp/,p) 

1.1793 

1.1828 

1.1954 

Pattern  Factor 

.2639 

.2694 

.2841 
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PERCENT  OF  BASELINE  100.96  24.30  57.33  98.65  61.99 


A summary  of  the  test  data  recorded  for  this  combustor  is  presented  in 
Table  62.  Four  different  dilution  hole  areas  were  used  during  the  rig 
testing,  accounting  for  100%,  75%,  50%,  and  25%  open  dilution  holes. 

Using  the  100%  open  dilution  setting  for  low  powers  up  through  40%  power 
and  the  50%  open  setting  for  all  higher  power  settings  resulted  in  21% 
more  NOx  than  from  the  baseline  liner,  as  shown  in  Table  63.  Holding 
NOx  to  base-line  levels  and  using  the  expanded  emissions  data  set  derived 
from  the  plots  of  the  actual  data  showed  that,  for  a two -dilution  setting, 
combinations  of  60%  open  for  40%  power  and  below  and  25%  open  for  oper- 
ation above  40%  power,  the  reduction  in  total  emissions  was  only  47%, 

Because  this  and  the  previous  two  combustor  designs  were  unable  to 
make  any  progress  toward  meeting  the  emissions  goals  by  simple  changes 
in  primary  hole  sizing,  which  was  the  temperature  controlling  mechanism, 
a method  for  adjusting  volume  or  residence  time  was  incorporated  into 
the  next  configuration.  The  two-position  dilution-geometry  system  lended 
itself  to  the  sizing  and  placement  of  two  separate  and  independently  oper- 
ating dilution  hole  systems.  For  low  power,  a set  of  large  area  holes 
set  well  downstream  permitted  a richened  primary  zone  (higher  flame 
temperature)  with  a large  volume  (long  residence  time)  to  consume  car- 
bon, carbon  monoxide,  and  unburned  hydrocarbons.  A second  set  of 
dilution  holes  controlled  by  the  same  geometry  band  was  designed  for  high 
power,  and  they  were  designed  to  be  well  upstream  (2.00  inches)  of  the 
other  set  of  holes  and  were  of  small  area  to  lean  the  primary  zone  (lower 
flame  temperature)  with  a small  volume  (short  residence  time)  to  sup- 
press the  formation  of  nitrogen  oxide.  All  of  the  subsequent  modified 
conventional  liner  designs  used  this  two-row  configuration.  This  tech- 
nique also  allowed  the  circumferential  hole  locations  to  be  independently 
designed  so  as  to  give  better  exhaust  temperature  profiles  at  high  and  low 
power  operating  conditions. 

Modified  Conventional  Liner  No.  8 

This  modified  conventional  liner,  shown  in  Figures  83  and  84,  was 
changed  from  the  previous  design  to  have  (1)  a new  airblast  nozzle, 
EX-115870A  (refer  to  earlier  discussion  of  differences  in  airblast  nozzles 
presented  under  the  heading.  Prechamber  Liner  No.  11),  in  which  the 
main  fuel  is  sprayed  normally  into  the  swirler  air  through  a row  of  twenty 
.020-inch  diameter  holes  (Figure  85),  and  (2)  an  additional  set  of  four 
.625-inch  diameter,  variable-area  dilution  holes  located  2.00  inches  up- 
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TABLE  63.  TIME -WEIGHT -AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  FOR 
MODIFIED  CONVENTIONAL  LINER  NO.  7 
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PERCENT  OP  BASELINE  100.34  8.03  46.90  99.59  53.08 


Figure  83.  Modified  Conventional  Liner  No.  8,  EX- 115895, 
External  View. 


Figure  84.  Modified  Conventional  Liner  No.  8,  EX-115895, 
Internal  View. 
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Figure  85.  Airblast  Fuel  Nozzle  EX-115870  with  Simplex  Pilot. 
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stream  of  the  existing  dilution  holes  and  60°  on  either  side  of  the  hori- 
zontal plane.  These  four  holes  were  located  radially  beneath  four  exist- 
ing holes  in  the  air  distribution  basket  in  the  outer  case  and  became  fully 
open  when  the  downstream  dilution  holes  were  fully  closed.  The  purpose 
of  these  holes  was  to  reduce  the  intermediate  zone  residence  time,  in 
addition  to  leaning  the  primary  zone,  thus  suppressing  NOx  generation  at 
high  power. 

A summary  of  the  test  data  recorded  for  this  combustor  is  presented  in 
Table  64.  Five  different  dilution  hole  area  settings  were  used  during  the 
rig  testing,  accounting  for  100%,  75%,  50%,  25%,  and  0%  open  dilution 
holes.  The  only  combination  of  two-position  dilution  hole  settings  that  is 
possible  from  the  actual  data  was  a 50% -open  dilution  setting  from  idle 
through  55%  power  and  a 0%-open  setting  above  55%  power.  From  the  top 
half  of  Table  65,  where  these  results  are  shown,  both  NOx  and  total  emis- 
sions were  high.  Using  the  expanded  interpolated  data  set  in  the  bottom 
half  of  Table  65,  the  NOx  could  be  maintained  below  baseline,  but  the 
total  emissions  rose  to  61%  of  baseline. 

Modified  Conventional  Liner  No.  9 

Compared  with  the  previous  modified  conventional  liner  configuration, 
this  liner  No.  9 received  the  following  modifications: 

1.  The  primary  holes  were  returned  to  . 562 -inch  diameter  to  retain 
the  NOx  margin  and  to  reduce  the  pressure  drop  slightly. 

2.  One  of  every  three  . 172-inch  diameter  dilution  zone  film-cooling 
holes  were  closed,  reducing  their  number  from  48  to  32,  to  im- 
prove radial  temperature  distribution  in  the  exhaust  annulus  and 
to  lean  out  the  primary  zone  by  a small  amount. 

3.  The  four  .625-inch  diameter  dilution  holes,  60°  on  either  side 

of  the  horizontal  axis,  were  replaced  with  two  . 875  inch  diameter 
holes  located  on  the  horizontal  axis.  This  change  was  to  reduce 
the  hot  sector  in  the  exhaust  annulus  adjacent  to  the  inlet  air 
tubes,  thus  improving  the  exhaust  radial  temperature  pattern. 

An  external  photograph  of  this  liner  is  shown  in  Figure  86.  A summary  of 
the  test  data  recorded  for  this  combustor  is  presented  in  Table  66.  During 
the  test,  five  different  dilution  geometry  settings  were  used:  100%,  75%, 
50%,  25%,  and  0%  open.  From  the  actual  test  data,  the  best  two-position 
emissions  performance  was  100%  open  geometry  setting  for  low  power 
through  40%  power  and  50%  open  setting  at  the  higher  power  levels.  Using 
the  expanded  data  set,  the  lowest  two -position  NOx  level  over  the  LOH  duty 
cycle  conditions  was  just  under  105%  of  baseline,  as  shown  in  Table  67. 
resulting  in  the  total  emissions  being  62%  of  the  total  baseline  level. 
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TABLE  64.  COMBUSTION  SYSTEM  PERFORMANCE  OF 
MODIFIED  CONVENTIONAL  LINER  NO.  8 
HAVING  VARIABLE  DILUTION  GEOMETRY 
AND  USING  DDA  AIRBLAST  FUEL  NOZZLE 
(EX-115870A) WITH  SCHEDULED  AIR  FLOWS 
AT  MODEL  250-C20B  ENGINE  CONDITIONS 


Idle 

25 

■bkthh 

Bn 

75 

100 

*Mlot  Flow  Rate  (lb/hr) 

5r 

55. 

T57- 

$6. 

ij. 

1001  Dilution  Hole  Area 

A. 

Emissions 

CO  (ppm) 

587 . <4 

245.0 

142.9 

C3H8  (ppm) 

5*.* 

6.4 

1.4 

NO*  (ppm  N02) 

30.8 

47.4 

63.6 

Smoke  Number 

13-6 

12.2 

13.2 

C02  (1) 

2.60 

3.06 

3.36 

B. 

Gas  Analysis 

Comb.  Eff.  (1) 

98.76 

99.59 

99.78 

A c he»/  A me  c h 

1.105 

1.053 

1.071 

C. 

System  Performance 

Pressure  Drop  (1) 

3.75 

3.66 

3.69 

Tmax/Tavg  (°P/°F> 
Pattern  Factor 

1.167 

1.165 

1.160 

.2260 

.2274 

.2242 

75* 

Dilution  Hole  Area 

A. 

Emissions 

CO  (ppm) 

154.7 

88.7 

C3H8  (ppm) 

1.6 

.5 

NO*  (ppm  NO2) 

57-8 

70.4 

Smoke  Number 

9-2 

8.1 

CO2  (!) 

3.31 

3.63 

B. 

Gas  Analysis 

Comb.  Eff.  (1) 

99.76 

99.86 

F-*che»/p-Amech 

1.055 

1.066 

C. 

System  Performance 

Pressure  Drop  (1) 

4 .24 

4.2} 

Tmax/TaVg  (°F/°F) 
Pattern  Factor 

1.146 

1.123 

.2036 

.1739 

501 

Dilution  Hole  Area 

A. 

Emissions 

CO  (ppm) 

751-7 

205.1 

112.4 

C3H8  (ppm) 

NO*  (ppm  N02) 

39-2 

1.9 

.6 

24.4 

49.6 

62.2 

Smoke  Number 

6.7 

5.9 

4.8 

C02  (1) 

2.50 

3.31 

3.68 

B. 

Oas  Analysis 

99.83 

Comb.  Eff.  (*) 

98. “6 

99.69 

p-Achem/P-Amech 

1.05“ 

1.059 

1.09“ 

C. 

System  Performance 

Pressure  Drop  (*) 

4.26 

4.70 

4.50 

Tmax/Tavg  (°P/°F) 
Pattern  Factor 

1.293 

1.227 

1.156 

.“021 

.3231 

.2226 

251 

Dilution  Hole  Area 

A. 

Emissions 

CO  (ppm) 

318.4 

192.0 

73.6 

C3H8  (ppm) 

No*  (ppm  NO2) 

3.7 

1.0 

.2 

41.2 

50.2 

73.8 

Smoke  Number 

5-7 

6.8 

8.6 

00 2 (!) 

3.11 

3. “2 

4.00 

B. 

Gas  Analysis 

Comb.  Eff.  (I) 

99.50 

99.72 

99.89 

P-Achem/P-Amech 

.991 

1.012 

1.014 

C. 

System  Performance 

Pressure  Drop  (!) 

5.10 

4.96 

5.50 

Tmax/Tavg  (°P/°P) 
Pattern  Factor 

1.204 

1.122 

1.130 

.2965 

.1786 

.1896 

0*  Dilution  Hole  Area 

A. 

Emissions 

CO  (ppm) 

80.8 

28.2 

C3H8  (ppm) 

No*  (PPm  N02> 

.2 

.2 

76.1 

114.2 

Smoke  Number 

8.3 

5-1 

C02  (*) 

“•33 

5.00 

B. 

Oas  Analysis 

Comb.  Eff.  (*) 

99.89 

99.94 

P-Achem/P-Ainacrj 

1.101 

1.080 

C. 

System  Performance 

Pressure  Drop  (I) 

5.50 

5.39 

Tmax/Tavg  (°F/*F) 
Pattern  Factor 

1.179 

1.184 

.2605 

.2657 

\ 
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TABLE  65.  TIME-WEIGHT-AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  FOR 
MODIFIED  CONVENTIONAL  LINER  NO.  8 
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PERCENT  of  baseline  99.99  23.87  56.36  99.67  61.93 


Figure  86.  Modified  Conventional  Liner  No.  9,  EX- 116289. 


For  this  configuration,  NOx  concentrations  less  than  baseline  levels  were 
not  obtained.  Even  where  CO  concentrations  equaled  baseline  CO  levels, 
the  NOx  concentrations  from  this  modified  conventional  liner  were  higher 
than  baseline.  Also  at  the  0%  dilution  setting,  where  the  low  power  dilution 
holes  were  completely  closed  and  the  pair  of  high  power  holes  upstream 
were  completely  open,  the  exhaust  temperature  pattern  was  quite  poor, 
having  a hot  section  near  the  bottom  of  the  annulus  and  a cold  section  at 
the  top.  Therefore,  the  next  configuration  concentrated  on  leaning  the 
primary  zone  and  improving  the  exhaust  temperature  pattern  at  the  0%- 
open  dilution  geometry  setting. 

Modified  Conventional  Liner  No.  10 


The  modified  conventional  liner  was  changed  from  the  previous  design, 
liner  No.  9,  by  returning  to  two  pairs  of  upstream  dilution  holes  for  high 
power  running  instead  of  the  single  pair  of  holes  having  equal  area  used 
on  the  previous  design.  The  four  new  holes  were  again  0.625  inch  in 
diameter  but  were  located  30°  above  and  below  horizontal  axis,  adjacent 
to  each  of  the  inlet-air  feed  arms.  Also,  to  enhance  the  air  supplied  to  the 
0.  562 -inch  diameter  primary  holes,  a set  of  twelve  0.250-inch  diameter 
holes  was  added  through  the  convection  cooling  shell.  A cross-sectional 
sketch  of  Liner  No.  10  is  shown  in  Figure  87. 
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TABLE  66.  COMBUSTION  SYSTEM  PERFORMANCE  OF 
MODIFIED  CONVENTIONAL  LINER  NO.  9 
HAVING  VARIABLE  DILUTION  GEOMETRY 
AND  USING  DDA  AIRBLAST  FUEL  NOZZLE 
EX-115870C  WITH  SCHEDULED  PILOT  FLOWS 
AT  MODEL  250-C20B  ENGINE  CONDITIONS 


Pilot  Plow  Rate  (lb/hr) 


Opr'  1 


Percent  Power 


& 


-ss — %- 


-«• 


100 

?(T 


I.  1001  Dilution  Hole  Area 

A.  Emissions 

CO  (ppm) 

C3H8  (ppa) 

HO*  (ppm  HO2) 
Smoke  Number 

C02(S) 

B.  Oss  Analysis 

Comb.  Eff.  (I) 
P*Achem/F_Amech 

C.  System  Performance 

Pressure  Drop  (f) 
Tmax/Tava  (°F/°F) 
Pattern  Factor 

II.  751  Dilution  Hole  Ares 

A.  Emissions 

CO  (ppm) 

C3H8  (ppm) 

NO,  (ppm  N02) 
Smoke  Number 
C02  (*) 

B.  Oas  Analysis 

Comb.  Eff.  (f) 
P-Achem/F-Amech 

C.  System  Performance 

Pressure  Drop  (f) 
Tmax/Tari  (#P/#P) 
Pattern  Factor 

III.  50S  Dilution  Hole  Area 

A.  Emissions 

CO  (ppm) 

C3H8  (ppm) 

NO,  (ppm  NO2) 
Smoke  Number 
C02  (*) 

B.  Oas  Analysis 

Comb.  Eff.  (S) 

P- A c hem^  P* ^me c h 

C.  System  Performance 

Pressure  Drop  (f) 
Tmax/Tava  (#F/#F) 
Pattern  “actor 

IV.  251  Dilution  Hole  Area 

A.  Emissions 

CO  (ppm) 

C3H8  (ppm) 

NO,  (ppm  NO 2) 
Smoke  Number 
C02  (!) 

B.  Oas  Analysis 

Coato.  Eff.  (S) 
P-Achem^P“A»ech 

C.  System  Performance 

Pressure  Drop  (f) 
Tmas/Taeg  CF/*P> 
Pattern  Factor 

V.  Of  Dilution  Hole  Area 

A.  Emissions 

CO  (ppm) 

C3H8  (ppm) 

NO,  (ppm  NO2) 
Smoke  Number 
CO2  (f) 

B.  Oas  Analysis 

Coab.  Eff.  (f) 

P- A c hem/ P* Ame c h 

C.  System  Performance 

Pressure  Drop  (f) 

Tma,/Ta*i  <*P/#P> 
Pattern  Factor 
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3-7 

1.* 

26.2 

*1.* 

55-6 

A.  5 

2.9 
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2.50 
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1.9 

1.7 

2.55 

3.16 

3-36 

3.68 
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382.9 

187.6 
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1.050 
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TABLE  67.  TIME-WEIGHT- AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  FOR 
MODIFIED  CONVENTIONAL  LINER  NO.  9 
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PERCENT  OF  BASELINE  99. H6  16.16  57.07  109.63  62.25 


8.80 


During  the  rig  testing  of  this  liner,  fourteen  data  sets  were  recorded  and 
are  presented  in  Figures  88  through  101.  A summary  of  the  test  data  re- 
corded for  this  combustor  is  presented  in  Table  68.  Three  different  dilu- 
tion area  settings  were  used  during  the  rig  testing,  accounting  for  100%, 
50%,  and  0%  open.  Exhaust  emissions  from  this  liner  are  compared  with 
the  baseline  liner  exhaust  emissions  in  Figures  102  through  105  for  CHX, 
CO,  NOx,  and  smoke.  Data  points  at  the  same  dilution  hole  area  settings 
are  connected  by  dashed  lines,  while  the  solid  lines  connecting  the  modi- 
fied conventional  liner  data  represent  those  dilution  area  settings  produc- 
ing the  best  LOH  duty  cycle  emissions. 
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rOHHU*TTMM  4FSFARCM  LABORATORY  - FEASIBILITY  RIG  experiments 
T63  TYPE  CO-miSTCW  TEST  - OJG  B/U  174,  TEST  SERIFS  -A  , READING  « 1SPP 

modified  rn*iv.  liner  p/>i  exi16?p?,  np77lf  exisbppc.  Jp-4. 

TEST  DATF:  174  TIME  OF  OAY1  1700129  HOURS 

0 VC L F PP I f T 3 W4RI4KF  GEOMETRY  P X CLOSEr  OPERATIONAL  IDLE 

«•**•••*•*•••***•*«*•**  EXPERIMENTAL  CONDITIONS  *********************** 

SURNPR  air  flow  1.674  LP/SEC  Avr,  BURNER  INLFT  TFMP  303,  DEG  F 

4VO  4HPNFW  INLET  Bi, r S 44.3  PSTA  AVG  Bl'RN  EE  OUTLET  T£MP  1178,  OEG  F 

AVG  BURNER  n F L T A P 3.  IS  "HG  PPFSSLRfc  LOSS  3.39  X 

OVERALL  F/A  WATir  .41155  (F/m)  Fuel  ELtw  RATE  70,17  LB/HR 

AIR  IMAP  F A 0 T 9 P l.»4S?  PATTERN  FACTOR  .20556 

POT  WOT  SHUT : 1 31  ■ 135*.  PEG  F RAW  PIT  / AVG  HOT  1.1587 

FUFL  INLFT  TfmPFR*TIi»E  SS.  dm;  F fuel  INLET  PRESSURE  41.4  P >1 A 

R t A T LOADING  PARA-4NTFR  ,4379BF*PIM  HTII /MOOR  / A T 1/ ClIB  IC  FOOT  (V«  1.0000005 

% 

••«•«•*•  ***********  HMRNt'R  OUTLET  TEHPFRATUFF  SURVEY  **•• ************** * 

10  TEMP  IP  TF  WP  TD  TEMP  IP  TERR  Tl  TEMP  IP  TEMP  ID  TEMP 

ANnijlUS  1 21  135».  84  111*.  87  944.  3P  1308.  33  125«,  36  1186.  39  1144. 

ANNULUS  2 8 2 18M.  85  1191.  ?B  114P.  31  1261  . 34  1296,  37  1471.  40  1343. 

ANNIJLUS  1 83  1 1 |,c . 2*  1*23.  ?Q  i(-49.  32  1825.  35  1456.  38  1256.  41  1 179, 

LFFT  5 1 OF  ••***•••••••  ATR  INLET  TURE  CpnOITIONS  ************  RIGHT  SIDE 

TOTAL  PRFSSlrBg  44.23  PSI*  TOTAL  PRFSSURE  44.  20  PSIA 

AIR  TFMPFRATt'OE  3*3.  PEG  f AIR  TFWPERATURE  303.  OEG  E 

COMBUSTOR  0'ITFP  CASE  STATIC  PRESSURE  . . . . . 44.16  PSIA 

AIR  Flow  OATa:  P-RFE4  116.3  PSIA  f El.  T A F ■ 1.05  " HG  T-REF«  39.  PEG  F 

FUFL  SYSTEM  DATA! 

FUEL  F/M  ERFO'IFMCY  261,  M7  vn|UHETPir  FLOW  BATE  11,46  GAL/HR 

FUEL  PatSSURE  AT  F/M  589.  0 PSIA  FUEL  TFMP  AT  F/R  64.  OEG  F 1 


ss I n tf-pe ratiipf  survey: 

w 4 4 ■ 541,  Pi?G  F f 4 S * 596.  PF  G F R46*  597.  DEG  F W47*  64,  OEG  F 

• 45»  5 53 , PF  G F H 


GAS  ANALYSTS  I'ATA  FOB  GAS  SAMPLES  TAKEN  IN  THE  EXHAUST  CUCT 
CHEMICAL  F/A  Ratio:  .112559  COMBUSTION  EFFICIENCY:  96.6496  X 

MEASURED  cop:  7,554  x MEASURED  0?:  .17  X CALCULATFO  0?:  17.39  X 

ANALYSIS  CHFC*  : F/A  is  . 11  297H  when  CALCULATED  USING  MF  A SURF.  0 02  VALUE 


EMISSION?  MF.ASURFMFF  T? 

CPmCFNTEaTTPN  EMISSJOF S T N r F X INSTRUMENT 

FPM  LH/1000  LB  FUFL  SOURCE 


cn 

634.95 

53.334 

BECKMAN  N 0 I B 

rux 

3<*.76 

4.  070 

HECKMAN  FIP 

NO 

14.42 

1 .OBO 

AMI 

CHEMILUMINESCENCE 

NOV 

26.22 

.1.618 

AMI 

CHEMILUMINESCENCE 

NO 

14,45 

1.094 

HFCKMAN  NOIR 

» UX 

2P.1F 

l.BBP 

EFCKRAN  TNOIR  ♦ NDIJV1 

APSOLUTF  H U F I 0 1 f Y « 

.00  GRAINS 

Pf  4 

POUND  OF  DP Y AIR 

SMfKF  NUMBER  ■ 

6.61 

ALL  PILOT, 

Figure  88.  Modified  Conventional  Liner  No.  10  Rig  Data  at 
Operational  Idle  and  100%  Open  Geometry. 
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COMRUSTIOn  RFKFABCh  LAHPRATrRY  - FEASIBILITY  PIG  FxPERImEnTS 
T83  TYPE  COMBUSirw  1 K ST  - PIG  H/U  174,  T»5T  JF  p I F S -A  , READING  a 1SP1 
MfiOIFIE'l  CCNV.  lInfr  P/N  EX116P9?,  NU77LE  FY15B7MC.  JP-4. 

TEST  OATFS  174  TIME  OF  HAYS  172?*  6 HOURS 


CYCLE  POINT  9 V4»I4«tF  RE  OMF  TRY 
***********************  fypfb  IMF* T AL 
PU»f*FP  ATP  FLOW  1.66H  L«/FFC 

AVG  PIJPNFP  INLET  PBFS  44.  5 PSIA 
avg  pijpnfw  o f l t a p 3.3*  «mg 
OVERALL  F/a  RaT  IT  .11178  (F/M) 

A I R I.OAL'  FACTOR  1.1*80 

BCT  uOT  SPOT;  4 ?1  * 1*18.  OFG  F 

Fl'FU  I ML  FT  TFmppbaThPF.  88.  OF  G F 


P » Cl  oSED  OPERATIONAL  IDLE 

r CMP  IT  It.  MS  *********************** 

A vr.  EUBNFR  INLFT  tfmp  386.  ceg  f 

AVG  BURNER  OUTLET  TEMP  UfiF.  CFG  F 
PRESSURE  LOS*  .8,64  X 

FUEL  FLOW  RATF  7B.76  LB/HR 

PATTERN  FACTOR  .18479 

MAX  POT  / AVG  POT  1.1361 

FlIFL  INUFT  PRFSSURE  43.1  PSIA 


HEAT  Lr  *0 1 NG  PARAMETER  .4*»8iF70F  HTII/HOI'R/ATM/CURIC  FOOT  (v»  l.FPPPP?) 


*******************  PIJRNFQ  OUTLET  TFMRFPATLIPF  SliPVFV  ******************* 

10  TFMP  TP  TEMP  10  TEMP  IT  TEMP  ID  TEMP  ID  TF.MP  ID  TEMP 

ANNUL  OS  1 21  1 3 1 P . 24  IWP,  77  9?9,  3P  t?9B.  33  1 223.  36  1 153.  39  1 1 43. 

ANNULUS  7 97  Ml*.  2*  Ipl.  2«  1152.  *1  T?49.  .34  1382,  37  ia«5.  4P  1297. 

ANNULUS  .3  93  1087.  28  1*32.  ?q  1093.  32  12?b.  35  1002.  3fl  1226.  41  1167, 

LEFT  S10F  ************  AIR  INLET  TUBF  CONDITION  ************  RIGHT  SIDE 
TOTAL  PRESSIJPF  44.85  PSIA  TOTAL  PRESSURE  44.30  PSIA 

AIR  TgrPER  ATIIRE  308.  OF  G F AIR  TFmPFHaTUBF  J06.  OEG  F 

DO-bHST'  B OUTER  f ASF  STATIC  PBFSSLRfc...,'. 44.29  PSIA 

AIR  E L, O ’*  OATAJ  P-RFFa  116.4  PSIA  DELTA  P«  1.^4  "HP,  T-REEa  39.  DEG  E 
FUEL  Svstfm  DATA* 

FUEL  F/m  FRFOUt'NCT  2S8.  H7  VOLUMETRIC  FLOP  RATE  11.15  GAL/HP 

FUFL  PRFSSURF  AT  F/1  pCrf.B  PSIA  FUEL  TFMP  AT  F/M  59.  OFG  F 


SKIN  tfmpfraturf  SURVEYS 


a 4 4 a 385 
8 4F ■ 562 

. r»F(»  F M 4 8 s 

, PM'G  F u 

885,  OFG  F 446a 

583 

. OEG  F 447*  Si. 

OEG  F 

GAS 

ANALYSIS  OATA 

FOR  GAS  SAMPLES  TAKEN 

IF  IMF  EXHAUST  OIJCT 

CMfcMJCAL  F/a  BaTIPS 

, M787»  CPNPIISTTON 

FMFICIENCYS  97.7415 

X 

MR  A SURE  f) 

CP7S  2.681  x 

MEASURED  OPS  16. 

HM  X 

CALCULATED  02 1 17. 

35  X 

ANALYSIS  CHECK  S M/A  IS 

.31  3167  6MEM  CAiriiLATEO  USING  measuREC  02 

VALUE 

EMISSIONS  MF  ASURR'F  EF  TJ 

CONCEMTRaT I ON 

FMISSIOFS  INDFX 

INSTRUMENT 

po* 

LM/1P0P  LS  El’tl 

SOURCE 

r.o 

016.41 

76.183 

HECKMAN  N 0 I R 

66.7? 

6.722 

HECKMAN  F 1 0 

MO 

11.33 

1 « * 45 

AMI 

CHEMILUMINFSCtNCE 

NPX 

24.?? 

3.7  04 

A MI 

CHEMTLUMtNFSCENCF 

NO 

IS. PI 

1.775 

HECKMAN  NO IR 

MOM 

• • • • 

26.65 

3.0P6 

M EC  * M AN  f NO  I R ♦ N0UV1 

ABSOLUTE  MIiMTOITY  ■ ,PP  GRAINS  pf  r rhino  of  dry  air 
SM(  KF  NUMBER  ■ F.P7 
PILOT  »Fi  4n,P  [n/fOilB, 


6 


uul 

CO 


Figure  89.  Modified  Conventional  Liner  No.  10  Rig  Data  at  Operational 
Idle  and  100%  Open  Geometry,  40  lb/hr  Pilot. 
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oohpust  tn>,  up^nurM  laboratory  . feasibility  rig  experiments 
tss  tvrf  rn»*pusrrH  tc«t  - big  p/ij  \7t,  tast  sfbifs  -a  , «r*riNr,  « iep? 

Mni)jfi»n  ccnv.  i inf*  p/*  fxmbrq?,  no77lf  fxi6R7«c.  jp-4. 

TFSI  o A T e J 174  rjHF  PF  P4r:  1746138  HOURS 


rtCl.F  P"TM  j VARIABLE  KROPhTH*  sp  Y CLOSET  DPFBATIONAl  T 01 6 

***********************  FypF'BImFNT  AL  rnM'TUPM*  *********************** 


PL'BNF*  A I B 

FI.  nw 

1 .571 

LB/SFl 

AVC  HI'PFFP  INLET  TEMP 

38  5, 

OEG 

F 

A VG 

f «? 

I F.L.F  T PBFS 

45. P 

PSIA 

AVG  PUBeFR  OOTLFT  TE“P 

1149. 

PEG 

F 

A vn 

nELTA  p 

3.56 

"MG 

PRESSURE  i nss 

4.16 

X 

pvf bail  f/a 

RATIO 

»1  1 66 

(F/P1 

FI  FL  F LOB  PATE 

70.17 

LB/HR 

AIR 

I.UAO  FaPTOR  1 

,«?  74 

pattern  factor 

.2597? 

POT 

mot  SPOT  s a 9 9 a 

13  6". 

OEG  F 

HAY  HOT  / AVG  POT 

T.19PO 

FURL 

I ••LET 

TF"PFF  atukf 

53. 

DEG  F 

Fufl  T n L F T PBESSUBF 

4 ? . P 

PSIA 

MEAT  LADING  PAHA-FTFR  , 1 .4  <»  «j  7F  *P6  S T 1 1 /HPI  'B  / A T "/ CUR  T C FOOT  (V4  1.PPP0P01 

*******************  BURNER  OUTLET  TEMPFR  ATltRF  Su»VEY  ******************* 
TO  TEMP  IP  Tp  IP  n Tfcpp  IP  TFmP  TP  TEMP  in  TFMP  TO  TEMP 

«nnij(.ur  1 21  I35i».  94  1 934.  ?7  9*6.  3?  1183.  33  IPSO.  38  It?/.  39  1132. 

ANNULUS  ? 99  138P.  1*45.  PH  1P74,  31  1181.  34  19?9,  37  998.  47  1889. 

ANNULUS  3 9 3 183*.  ?*  339.  ?9  095,  3?  1 133.  35  UPS,  3"  187J.  41  114?. 

Left  SIDE  ************  ATP  INLET  TI.IPE  CONDITIONS  ************  BIGOT  SIDE 
TOTAL  PRESSURE  44,96  PSlA  TPTAL  PRESSURE  44.97  PSIA 

Aio  TFMPFRATiiPf  3<5.  PP'G  F aTB  TFmPERATiiPF  3P5.  DEG  F 

rOOHUSTPB  OUTER  CASE  STATIC  PBESSIjMF 84*61  PSIA 

A I B *LO*  TATai  P-RFFa  118.4  PSIA  PFlTA  Pa  l.*5  "HG  T-WFF  a 36,  OEG  F 
FUEL  SYSTEM  paTas 

FUEL  F/M  ERtOIIENTY  ?64.  F*2  VPIUMETRIC  FLOP  RATE  11.86  GAL/HR 

FUEL  PVFS5UBF  AT  F /*•  543. 6 PSIA  FI  FL  TFmP  AT  F/M  63.  OEG  F 


SKIN  TF-PFBATljPp  SURVEY  J 

444a  694,  PEG  F *4Sa  S79.  OFP  F 446a  50?.  OEG  F «47a  61.  OEG  F 

* 4 H a 611,  PFG  F a 


GAS  ANALYSTS  DATA  FHP  GAS  SAMPLFS  TAKEN  IN  THE  FXHAUST  OUCT 
COEPlCAL  F/A  RATIO!  .814876  CrMPusTICN  EFFICIENCY!  97.6894  X 
- MFAS'IBFO  CO?  i P.SP1  X NFASliREO  n?l  17.88  X CAl.CULATEO  0?l  16.97  X 
analysts  CHECK!  F/a  is  .41 4P54  kMFN  CALCULATED  USING  MEASURFO  02  VALUE 


mm  m 

EMISSIONS  MF ASUBFMFh T3 

COnCFe  TBaTION 

EMISSIONS  I NT  F V 

INSTRUMENT 

P PH 

LB/109P  lb  fufl 

source 

CO 

1531 ,PO 

1 ?S . 956 

BECKMAN  N'OIR 

CH< 

54,46 

11.143 

BECKMAN  FIO 

NO 

0.83 

1.327 

AMI 

CHEMILUMINESCENCE 

nOX 

93.25 

3.  ?P3 

AMI 

chemiluminescence 

NO 

19.3? 

1 .697 

PECKMAN  N 0 1 R 

NO  X 

96.31 

3.53? 

PFCKNAN  fNDIR  ♦ NOUV] 

ABSOLUTE  huh  I o i t y 

4 .BP  GRAINS 

PF» 

ROUND  OF  ORY  AIR 

SMf'KF  NUMBER 

■ 11.37 

ALL  PILOT. 


Figure  90.  Modified  Conventional  Liner  No.  10  Rig  Data  at  Operational 

Idle  and  50%  Open  Geometry. 
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f’MHUSTTnN  RESEARCH  LaMpRATHRY  - FEASIBILITY  PIP  EXPERIMENTS 
TM  type  Cnep'IRTTP  TF4T  - Rip  P/ll  174,  T F S T SFRJES  -A  , WF  A 0 I MG  ft  1603 
MUniFIFtl  CrNV.  |.  I N F R P/M  FKIIffO?,  N 07  7lE  EX15B70C.  JP-4. 

TEST  Pi  A T F ! J 7 A T J 'IF  OF  HAYS  1 P F»  7 t 2 hOURS 


CYCLE  POINT  R VARIABLE  GEOMETRY  50  Y CIOSEO 

****** *******  **********  fyperieental  conditions 

huRNFR  air  Flow  2.146  l.B/SFC 

AVG  BURNER  TM.ET  PDFS  59.7  PSIA 

AVG  PIIR^FR  np|_T  A p 4. 64  »MP 

nVFPALL  F / A PATTF  .01367  (F/M) 

aTR  i pad  f act  os  i .pars 

pot  hot  spot  i u 77  ■ ispp.  npr,  f 

FUEL  f ML  F T TF-PFHATliPF  **.  (JFG  F 


25X  POWER  SFTTING 


A V P Bl'RFFR  InlFT  TEMP  375. 
AVR  BI..RFFP  OIITI.FT  TEMP  U65. 

A. 01 
105,59 
, 299?  1 
1.1*63 
59. A 


PFFSSURE  LOSS 
FUFL  FI  OH  RATE 
PATIFRM  FACTOR 
HAY  HOT  / AVG  POT 
FiiFL  I Ml  F T PRESSURE 


PEG  F 
PER  F 
X 

LB/HR 


PSIA 


HEAT  LOADING  PAPA"FTFP  .4922SF*B6  bTU /HOUR / A T M /CUB  I C FOOT  (V»  1.00000?) 


*******************  HHPnFR  OUTLET  TFHPFPATIIPF  survey  ******************* 

IP  TFHP  ID  T F HP  To  TfHP  ip  TF  HP  TO  TEMP  ID  T£HP  IP  TEHP 

ANN'JLUS  1 21  1590.  2 4 1357.  97  1204.  30  1 456.  33  1 499,  36  1 439.  39  137P. 

ANMUL'IS  3 2?  1592.  36  147h.  96  1294.  31  1477.  34  1470.  37  1154.  40  1432. 

ANNULUS  3 23  1364.  26  1119.  30  1 726.  39  1369.  35  1360.  36  1234.  4]  1292, 

LEFT  S10F  »***«**«»*•*  AIR  INLET  TUBE  CONDITIONS  ************  RIGHT  SIOF 
TOTAL  PRESSURE  60.25  PSIA  TOTAL  PRESSURE  59.14  PSIA 

AIR  TFHpgRATURE  375.  OFG  F ATP  TF  HPpP  ATlJRF  373.  OFG  F 

COMbUSTOR  OUTER  taSF  STATTC  PRFSSIRE.. 58.73  PSI* 


AIR  FLO*  OATAI  P-RFFi  115.2  PSIA 
FUEL  SYSTEM  data: 

FUEL  F/H  FREQUENCY  3*1. 

FUEL  PRESSURE  AT  F*/H  51*. 0 


OFLTA  Pi  1.74  "MG  T-REF«  37.  PEG  F 


HZ 

psr  a 


vplumftric  flow  RATE 

FIIFL  TEMP  AT  F/h 


16.66  GAL/HR 
62.  OFG  F 


SKIN  TF-PFRATliPF  SURVEYS 

6 4 4s  H19.  OFG  E «A5»  772.  PEG  F «46s  740,  OFG  F B47« 

4145s  7S9.  PEG  F « 


60.  OEG  F 


GAS  ANALYSIS  data  FOR  gas  samples  TAKEN  IN  THE  EXHAUST  DUCT 


chemical  f/a  Ratios 

MEASURED  Cn9  J 3.3*5  X 


.016233 


COMBUSTION  FFFICTFNCYS  99.3300  X 


MEASURED  02 1 16.40  X CALCULATED  02S  16.27  X 


ANALYSTS  CHECKS  F/a  IS  .31*136  WHEN  CAICILATFO  USING  MEASUREC  02  VALUE  cw 

CD 

CJ 

l * ? 

r-  a 

r 


• •••• 

EMISSIONS  MFASURFHENTS 

CONCENTRATION 

EMISSIONS  INTEY 

INSTRUMENT 

PPM 

I.H/1000  L0  FUF.l. 

SOURCE 

CO 

463.71 

33.346 

PECKMAN  NOIR 

CHX 

9.10 

1 .077 

BECKMAN  FID 

NO 

23.36 

2.730 

AMI 

CHEMILUMINESCENCE 

NUX 

36.31 

4.534 

AMI 

CHEMILUMINESCENCE 

NO 

71.64 

7.371 

BECKMAN  NOIR 

MUX 

37.97 

4.471 

PECKMAN  (NOIR  « M5UVJ 

ABSOLUTE  humidity 

■ ,00  GRAINS 

PER 

POUND  OF  DRY  AIR 

SMOKE  NIJMMR 

» 6.41 

i»F  ■ 

39.7  LB/houR. 
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L-M 

U’-J 

D2l 


Figure  91.  Modified  Conventional  Liner  No.  10  Rig  Data  at  25%  Power 

and  50%  Open  Geo  mi  try. 
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COMBUSTION  IJKSF4HCH  LABORATORY  - F F A S I B I L 1 T Y RIG  EXPFRlMt'NTS 
TM  TYot  fOMf»MSTru  TEST  - RIG  P/U  17  <1  , TEST  SFRIFS  -A  , HEACING  * 1804 
M0r>  I F I e 'T  CCNV.  L^fcR  P/SI  e*ll6?9?,  M0771E  FX15B70C.  JP-4. 

TEST  0*TFS  17-1  TIME  OF  PAY:  1819118  HOURS 


CYCLE  POINT  3 VA»IAPLC  GEOMETRY 

4****4*****************  EXPERIMENTAL 

BURNER  AIR  FLOW  2.152  LB/SFC 

AVG  BURGER  INLET  PRES  64.5  PSIA 
AVG  BURNER  ne|_TA  P A. SB  " HP 

OVERALL  E/A  RATIO  .PIS 71  f E / M I 
AIR  LOAD  E ACTOR  1 .>*441 

PC  T HOT  SPOT:  # ?1  I 1600.  flfc  G E 

fuel  Inlet  tf^pekature.  ss,  ofg  e 
HEAT  I O40ING  PARAMETER  .40?A4F*P6  PT 


28X  POWER  SETTING 


0 * CLHSEO 
rCNOITTCNS  ***************** i 

AVG  HLRNER  INLET  TEMP  374. 
Avr,  BURNER  OUTLET  TEMP  1367. 


PRESS  l.°E  LOSS 
E OF  L El.HW  RATE 

pattern  factor 
max  HOT  / AVG  POT 
FUEL  INI  FT  PRESSURE 


3.78 


DEG  F 
DEG  E 
X 


1W6.20  LB/HR 

,23486 

1.1704 

58.7  PS  I * 


li/HPUP/ AT“/CUPIC  FOOT  CV « 1.0000001 


•**«*••»**•.*•«****  BURNER  OUTLET  TEMPERATURE  SURVEY  **4*4444444*4444444 

10  temp  in  temp  in  temp  m temf  id  temp  io  temp  id  temp 

ANNULUS  I 21  1E1M.  04  IPS?.  27  1075.  30  1543.  33  14H6.  36  1266.  39  1301. 

ANNULUS  ■>  2?  1434.  20  1 371  . 28  1.3?5.  31  1b30.  34  1501  . 37  121  1.  40  J533. 

ANNULUS  3 ?3  1 .3  3 E . 2*  121.3,  PR  1316.  32  1 446.  36  1 192.  3*  144J.  41  1387, 

leet  s i of  **4**.4.4*..  air  inlet  tube  conditions  ************  right  sioe 
total  PRESSURE  8R.4P  PSIA  TOTAL  PuFSSURF  SS.67  PSIA 

A I R TEMPERATURE  374.  OF  G E AIR  TEMPERATURE  374.  PEG  E 

rOMPUSTOR  OUTER  CASE  STATIC  PRESSURE 58.87  PSI* 

AIR  FLOW  C A T A I P-HEFs  116. 0 PSIA  0 E I.  T A P«  1.75  "MG  T-REF*  35.  PEG  F 
FUFL  SYSTEM  OATA! 

FUEL  F/m  RREfUFNCY  .38  1,  h l vn|MMFTSlP  FLOW  RATE  tb.75  GAL/MR 

FUEL  PPESSURF  AT  E/M  5)3.6  PSIA  FUEL  TPMP  AT  E/M  ' 6J.  OEG  F 


S'lN  T F M P E R A T U R 0 survey: 

844*  701,  ||RG  F M4«*  70Q.  TEG  F 846*  758.  OEG  F 847*  58,  PEG  F 

*48*  680.  OFG  F 6 


GAS  ANALYSIS  I ha  FIR  r, * 5 SAMPLES  TAKEN  IN  THF  EXHAUST  OllCT 
CHEMICAL  E/a  Ratio:  .Yibflob  COMBUSTION  efficiency:  99.6763  X 

MEASUPFO  cp?:  3.313  X MEASURED  Op:  16.40  X CALCULATED  02!  16.37  X 
ANALYSIS  check:  F / 4 is  .416B41  WEEN  CALCULATED  USING  MF.A511REO  Of  VALUE 


EMISSIONS  He ASURBMfN TS 


rP'uC***  tmat  t o n 
pp* 

FMTSSIOES  I NC  F X 
L«/)000  LP  FUEL 

INSTRUMENT 

SOURCE 

rn 

214.13 

15.311 

6 F C K m A N NO  I R 

r My 

Ml 

.372 

f-F'Csman  Fin 

Ml 

33.4  6 

3.529 

AMI 

CHEmtluminfsCEncE 

MUX 

<<1  .K0 

1 . » 7 4 

AMI 

CmEmTlumINF  SCENCE 

NO 

30.82 

3.884 

PFCKMIAN  npir 

^ px 

41.64 

4.878 

MFCKMAN  f N 0 I R 4 N D U V 1 

AHSOI.UTF  M 1 1 M I D I T Y 

■ .00  GRAINS 

PFR 

POUND  OF  DRY  AIR 

S M f 5 F NUMBER  * 7,66 

PtlHT  '*F*  60.8  LO/MOUW, 


Figure  92.  Modified  Conventional  Liner  No.  10  Rig  Data  at  25%  Power 

and  100%  Open  Geometry. 


roMMUSTJPH  BFSFaPCH  LABORATORY  . FFASTHILITY  big  EXPE»ImFNTS 
T63  TYPF  CO^RilSTrc-  TFST  - BIG  R/U  174,  TEST  SERIFS  -4  , READING  * 1885 

MUOIFIFO  CCNV.  LI^ER  P/N  N P 7 7 L E EX15B78C.  JP-4. 

TFST  DATE:  174  TIME  OF  0 4 Y ! 1835118  HOURS 


CYCLE  POINT  4 VARIATE  GEOMETRY 
***********************  EXPERIMENT 4L 
PURNFR  AIR  Finn  2.464  UH/SEC 

4 V G BURNER  INI.FT  PBFS  78.4  PS  T 4 
AVU  9IIPNFB  0 E L T 4 P 5 .58  "Hf; 

OVERALL  F/4  ft  4 T T r .81513  c F / ^ 

4 I B 1.040  P4CT  OB  1 .04  *7 

RCT  hot  SPOT l « 40  * 1733,  OF  G F 
fuel  InLFT  TF^PcFaTiiBE  87.  OEG  F 
HE  4 T LOADING  P404METEB  .5259SE+86  RT| 


8 X CL  nSEP  48  X POKER  SETTING 

rONTIUCNS  *********************** 

4 VC  BURNER  INLFT  TFMP  425.  TEG  F 
4 VG  HI'BNEH  OUTLET  TEMP  1588.  DEG  F 
PRESSURE  LOSS  3.84  X 

fufi  Firm  bate  134,28  lp/hb 

PATTERN  FACTOR  .28988 

PAY  HOT  / 4 v G ROT  1,1588 

FUEL  INLET  PBESSUHF  77.8  PSIA 

i/HOUR/ATM/rilBIC  FCCT  (Va  1.8888881 


*******************  R IJ  B F E P OUTLET  TEMPERATURE  SURVEY  ******************* 

IP  TF-P  in  TEMP  in  TEEP  IC  TEMP  II  TEHP  ID  TEMP  ID  TEMP 

AFNUU'S  1 21  1703,  ?4  1322.  27  M53,  38  1657.  33  1551.  38  1394.  39  1488. 

annulus  ? ??  1SRR.  2*  14  6 7,  ?B  1451.  3i  i RhE . 34  lbS4.  37  1394.  48  1733. 

ANNULI'S  3 23  1 437.  26  13’5.  29  1 3P 1 , 32  1681.  35  1408,  38  1542.  41  1542. 

LEFT  SlOF  ************  4TB  INLET  TURF  CONDITIONS  ************  BIGHT  SIDE 
TQT41.  PBESSI'BF  78.44  PSI4  TOTAL  PRESSURE  78.48  PSIA 

4 I B TEMPERATURE  42,-j.  DEG  F AIp  TFMPF.PATUBE  424.  DEG  F 

COMRUSTOR  OmTFB  caSF  STATIC  PRESSIRE 69.68  PSIA 

AIR  ELOR  CATa:  p-rff,  114.8  PSTA  delta  P«  2.31  "MG  T-RFFa  37.  DEG  F 
FUFI  SVSTFM  OATAt 

FUEL  R/H  EBFOUENCY  4R4.  H7  VOLUMETRIC  FLOW  RATE  21.19  GAL/HR 

EL'FI.  PRESSHBF  AT  F/M  581.4  PSIA  FUFI.  TEMP  AT  F/M  63.  DEG  F 


SKIN  TFmPFRATURF  SURVEY! 

4 4 4a  Sv'N,  G F N4S«  *74.  DEG  F «45t  R65.  OEG  F «47a  57.  OEG  F 

4 4 6a  744,  CFG  F 6 


GAS  ANALYSTS  I A T 4 FOR  GAS  SAMPLES  TAKEN  IN  THE  EXHAUST  OUCT 

tremical  f/a  ratio:  .mtisi  comruktign  efficiency:  B9.H252  x 

HR  A SURF  0 Cr,2  ! I.Mvl  X ME  A SURF  0 r)  ^ * 16.18  X CAl.CULATFp  02:  15.98  X 

ANALYSIS  check:  F/A  TS  .117862  rHEN  CALCULATED  using  HFASUBEO  02  VALUE 


EMISSIONS  M F A S U1  R E E F T S 
rONCFN  TRaT  ION  EMISSIONS  t N 0 R » 

F PM  L5/1P3P  LE>  fufi 

INSTRUMENT 

SOURCE 

CO 

1 16,15 

7.537 

HECKMAN  N 0 I R 

CH« 

1 .8* 

.188 

RErKMAN  FIO 

>■0 

50.71 

5.484 

AMI 

CHE'MILUMINFSCENCF 

NHX 

65 , 7» 

5.945 

AMI 

CHEM’LllMINESCfcNCE 

N() 

4F  . 1 1 

6.127 

R F C K M A N NDIB 

NO  X 

MF.SB 

m.838 

RFLKMAN  fNPIR  ♦ NCUVJ 

ARSDU'TF  HUFTOJTY 

sicnf  fimber 

» F a 3<j.7  l M/RCilB. 

* .88  GRATIS 

« R . 85 

Pf  P 

PI  UNO  PF  OP Y AIR 

Figure  93.  Modified  Conventional  Liner  No.  10  Rig  Data  at  40%  Power 

and  100%  Open  Geometry. 
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Ci.MmUSTTUn  -INSFARC*  iaMHWaTCRY  . FFASIRTLITY  BIG  EXP FUIHgwTS 
T*3  TYPF  rOMRiiSTr*  1FST  - RTG  6/U  1 7 <4 , TFST  StRIES  -A  , READING  * 1806 

non T F I rr>  ccnv.  i.Tnfr  p/m  ex iisjoj,  Nfi7ziE  Ext567fiC.  JP-4, 

TEST  DATE!  t74  TIME  OF  DAY!  1847139  HOURS 


C TCI  * POT  N T 4 

PURNE“  AIR  F|  nw 
4 V ft  BURNER  INLET  ERFS 
4VG  BURNFR  r)F L T 4 P 
OVFK4LI  E/4  R»TTP 


VARMHIE  GFnMFTRV 
F.  X P F R 1 M F.  N T 4L 
3.466  UP/SEC 
7*.7  PS  T 4 
5.  OP  "HP 
.■’nti  if/m) 


Aio  1.040  FACTOR  1 .<>365 

POT  HOT  SPOT:  « 72  s 16h7.  DFG  F 

fuel  Inlet  tfmpepatiipf  «*,  peg  f 


6 V X CLOSET  4/IX  PprtEP  SETTING 

CORD  IT  TONS  ******** *************** 
4 V ft  81P4E0  INLET  TEMP  424,  PEG  E 
Avn  81  OREO  OUTIET  TENP  1^47,  o€G  E 
PFFSSliOE  LOSS  4,14  * 

FIJFL  El  ON  RATE  134,13  L8/HR 

pattern  factor  ,1755s 

RAX  0CT  / A VG  ROT  1.176? 

FIIFL  1NIET  PRFSSUNE  78.7  PSI4 


NEAT  LO40ING  PARAMFTF9  . S3  3 4 mF */ 6 8T  U /HPUB  / AT  M / CUB  I C EOOT  (V*  t.PPPPPPT 


*******************  PIJPNFB  mm  FT  TFRPFRATUEE  SURVEY  ******************* 

in  TFMP  10  TEMP  10  TEFP  IP  TF>P  IP  TE*P  IP  TEFP  10  TENP 

ANNULUS  1 ?t  165C,  34  14*8.  37  13F7,  3?  1 684.  S3  1638.  3*  1 579.  39  1438. 

ANNUMIS  3 ?2  1837,  ?5  1641.  38  14/3,  31  1651.  34  1613.  37  1358.  4?  1667. 

Annul' IS  3 33  1493.  ?6  i?51.  39  134/1,  33  1 535.  35  1539,  38  1 438.  41  1444. 

LEFT  S 1 PE  ************  AIR  t Ml. FT  TUBE  CONDITIONS  ************  RIGHT  SIOE 
TOTAL  PRFSSliRR  7/. 73  PSIA  TOTAL  PRESSURE  78.73  PSIA 

AIR  TEMPERATURE  434.  OFG  F AIP  TEMPERATURE  434.  PEG  E 

COMPUSTOR  OUTER  TaSF  STATIC  PPF  SSURF  . . . . 69.96  PSIA 

AIR  FLOW  DATai  O.WEE*  114,4  PSl*  DELTA  P«  3.33  "HG  T-REF*  38.  DEG  F 
FUEL  SYSTEM  PATAj 

FUEL  E/F.  FRFOi'FNCV  484.  H7  VOLUMETRIC  FLOW  RATE  31.19  GAL/HR 

FUEL  PRESSURE  AT  E/N  533.8  PSIA  FliFL  TEmP  AT  E/M  64.  DEG  F 


skin  temperature  survey s 


«44a  039 

«4*«  841 

, pFft  f «.45» 
. PEG  F a 

863,  DEG  F *46* 

836 

. OEG  E «47*  59. 

OEG  F 

GAS 

ANALYSIS  u a t a 

FOR  GAS  SAMPLES  taken 

IN  THE  EXHAUST  QUCT 

CHEMICAL  F/A  RATIO! 

. n 1 7 7ffl0  tPMMljSTION 

EFEICIENCYt  99,6949 

X 

MEASURED 

C03!  3, 7/7  * 

MEASURE  0 02:  16. /p 

X 

CALCULATED  021  15. 

82  X 

ANALYSIS  CHtr*t  F/A  IS 

.Ml  7559  WHEN  CALCULATFO  USING  MEASURED  02 

value 

EMISSIONS  MEASUREMENTS 

CPNCEF  TRaTION 

EMISSIONS  INPEX 

INSTRUMENT 

P PM 

L8/1PM*  LH  FUFl. 

SOURCE 

CO 

37«.P« 

14.817 

HECKMAN  NOIR 

CHK 

t.Ff 

.174 

PFCKMAN  EID 

NO 

39,13 

4.176 

AMI 

CMEMILUHTNFSCENCE 

MU* 

4C.75 

5.389 

AMI 

CHEMILUMINESCENCE 

NO 

36.45 

3.896 

HECKMAN  NOIR 

HOX 

m m m m 

66.6" 

5,485 

RECKMAN  fNDIR  ♦ NDU VI 

ABSOLUTE  munIOITY  • .HP  GRAINS  PER  POUND  OF  DRV  AIR 
5 m r k F.  NijMggp  • g,9? 

PILOT  *F«  4P.P  l 8/mPijR . 


Figure  94.  Modified  Conventional  Liner  No.  10  Rig  Data  at  40%  Power 

and  50%  Open  Geometry. 
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r *)mhUST  T ON  I.ABpOATrRY  • MiSHRITY  RIG  EXPERIMENTS 

TP  i TYPE  rn*>ni)STCV  1KT  - QTG  H/U  174,  TEST  StRlFS  -A  , RF40ING  4 1*77 
MnnjFlFO  COnV.  LINER  p/N  FXJ16292,  N0771F  K*  1 *»F»7  WC . JP-4. 

TEST  DATES  174  TIME  OF  PAY!  1901S  7 HOURS 


CYCLE  POINT 


vawTAHLF  GEOMETRY  177  X CLOSET 


47X  POt «EA  SFTTING 


FXPEHIMFNTAL  CPATTTirMS 


PljPNFP  »TR  Fl.Ow  ?,4k;>  L«/SPC 

A VG  PuPf  FP  INLF.T  pPf-S  77,5  PSIA 
A VG  BURNER  "FLTa  v 7.25  "MG 

OVERALL  F/A  paTTP  .715*8  (F/n 
A I R LOAP  FACTnR  1.7371 

HOT  WOT  SPOTS.  « ?t  » IMP*.  OEG  F 
FtFL  INLET  TFMPffc'ATl  PE  67.  nFG  F 
WFaT  LOADING  PARAMETER  .52?4lF*76 


avg  burner  inlet  temp  4?4.  deg  f 

AVG  (JLPNER  OUTLET  TEMP  1413.  PEG  F 
PWEFSl-BE  LOSS  5.75  * 

FUEL  FLCW  RATE  133,63  19/HP 

pattepn  factor  .27894 

MAY  pot  / AVG  SOT  1.1463 

FUEL  INLET  PPESSURF  75.8  PSIA 

BTU/HOUR/ATM/CUBIC  FOOT  (V*  1.777077) 


*******************  SINNER  OUTLET  TtHPFPATUHE  SURVEY  ******************* 

TP  TfMP  IP  TEMP  to  TEMP  IT  TEMP  IP  TEMP  IP  TEMP  J £ TEMP 

ANNULUS  1 21  1 697.  2 4 1441  . 27  1 340.  37  1617.  33  161F,  36  1578.  30  1306. 

ANNULUS  2 2 2 1567.  25  1 388,  ?B  1260.  31  1P97.  34  1483.  37  1?75.  47  1403. 

ANNULUS  3 23  1386.  ?6  1173.  29  1220,  3?  IPS?.  35  1477,  38  1392.  41  1311. 

left  Slot  ************  A JR  INLET  TURF  CONDITIONS  ************  RIGHT  SIDE 
TOTAL  PRESSURE  77.55  PSIA  TOTAL  PRESSURE  78.54  PSIA 

AIR  TEMPERATURE  424.  OEG  F AIR  TE MPFh A TURF  424,  OEG  E 

COMBUSTOR  OUTER  CASE  STATIC  PRFSSORF.. 69.78  PSIA 

AIR  FLOW  OATa:  P.RFF*  114,7  PSIA  OFI.TA  F*  2. 31  "MG  T-REF*  37.  OEG  F 
FUEL  SYSTEM  rjATAl 

FUEL  F/M  FREQUENCY  482,  H?  VPIIMFTRIC  FLOW  RATE  21.10  GAL/MR 

FUEL  PRESSURE  AT  F/M  574.0  PSIA  FuFL  TPMP  AT  F/M  63.  OEG  F 


skin  temperature  supven 

N 4 4 ■ 014.  pEG  F 045 ■ 781.  PEG  F *46*  896.  PEG  F *47»  57.  OEG  F 

* 48 » 909.  PEG  F H 


GAS  ANALYSIS  data  FOR  Gas  SAMPLES  takfn  in  tmf  exhaust  DUCT 
CHEMICAL  F/a  BaTIOI  .316773  COMPUST ION  EFFICIENCY!  99,0384  X 
MFASUPEO  COPS  3.443  X MEASURED  021  16.57  X CALCULATED  021  16.14  X 
ANALYSTS  CHECKS  f/a  IS  .016429  WHEN  CALCULATED  USING  MEASUREO  02  VALUE 


• • » 

CONCENTRATION 

PPM 

EMISSIONS  MEASUREMENTS 
EMISSIONS  INOFX 
LR/1777  L6  EIIFL 

INSTRUMENT 

SOURCE 

CO 

644,38 

44.543 

BECKMAN  NPIR 

CMX 

9. *3 

1.77? 

BECKMAN  FIO 

NO 

15.32 

1.638 

AMI 

CHEMILUMINESCENCE 

NOX 

39.56 

4.229 

AMJ 

chemiluminescence 

NO 

19,68 

2.103 

BECKMAN  NO  I R 

NOX 

46.26 

4.947 

BECKMAN  INDIA  ♦ NOUVJ 

ABSPLUTF  HUMIDITY  ■ .77  GRAINS  BF»  POUND  OF  DRY  AIR 

8MPKF  NUMBER  ■ 11.45 
BILOT  MB*  39.2  LB/HOUB. 


Figure  95.  Modified  Conventional  Liner  No.  10  Rig  Data  at  40%  Power 

and  0%  Open  Geometry. 


rOMBUSTtnN  wfsearCh  l*90Pa1C»V  - FEASIBILITY  rig  EXPERIMENTS 
T63  TYPE  Cf'^BUSTTR  TEST  - RIG  B/U  174,  TEST  SERIES  -4  , REEDING  * 19P9 

miniElFO  CPNV.  LINER  P/N  EX11620P,  NOZ7LE  FX1587BC.  JP-4. 

TEST  DATE:  1 7 4 TIM£  OF  OAYI  192BI24  HOURS 


CYCLF  POINT  5 


V4RI4HLE  GEOMETRY  1PP  X CLOSED 

Experiment  4l  conditions 


sax  poker  setting 


burner  AIR  El  Ow  9.571  lb/SEC 

4VG  BURNER  IE'LET  PRES  B2.9  PSI4 
4VG  BURNER  OELTA  P R.7J  "HC 

OVERALL  E/A  RATIO  .M1617  (F/MI 
4 1 R L040  FACTOR  1.P5S7 

POT  HOT  SPOT*.  • ?l  1 1777.  OEG  ^ 

fuel  Inlet  tfmperaturf  bs.  ofg  e 

HE  4T  LOADING  PARAMETER  ,557(MF*P6 


4 VG  BURNER  INLET  temp  464.  DEG  F 
4 V G BURNER  OUTLET  TEHP  1536.  OEG  F 
PRESSURE  LOSS  9.19  * 

FijFl  FLOW  RATE  197. P9  LB/HR 

P4TIERN  F4CTOR  .22467 

MAX  HCT  / AVG  POT  1.1569 

FUFL  JNLET  PRESSURE  99.4  PSIA 

BTt|/MOIH/ATM/CUBIC  FOOT  (Vi  l.PPPBPEl 


BURNER  OUTLET  TFMPFRATIINE  SURVEY 


10  IN  HP  TO 
ANNUL'JS  1 21  1 777.  ?4 
ANNULUS  ? 77  1711*.  96 
ANNULUS  3 ?3  15JP.  2* 


TF.MP  10  T£MP  IT  TF  me  It 
1566.  77  1447.  3P  1 7 3F  , 33 
15*6,  PS  1379,  31  1796,  34 
1291.  PP  134P.  32  1539.  35 


TEMP  10  TEMP  ID  TEMP 

1719.  35  1513.  39  1592. 

1613.  37  1372.  40  1926. 

148J.  J9  1447.  41  1391. 


LEFT  SION  **»*«•***«**  A I P ini  ET  TUBE  CONDITIONS  ••******«**«  RIGHT  SIDE 
TOTAL  PRESSURE  M7.S9  PSIA  TOTAL  PRESSURE  92.77  PSIA 

4 1 R TEMPERATURE  4*4.  OFG  F 4IR  t F HP  E R 4 Tl)R  F 464.  OEG  F 

COMBUSTOR  OUTER  CASt  STATIC.  PRFSSl'Rf,,,,. 91.93  PSIA 


4 1 p FLO*  data:  P-RFF«  114, P PSIA  DELTA  P«  3,16  "HC,  T-REF*  37.  OEG  F 
FUEL  SYSTEM  0 4 T A t 

FUEL  E/M  FREQUENCY  H2  VOLUMETRIC  FLOP  RATE  26. 4P  C-AL/HR 

FUEL  PRESSURE  AT  F/M  4*7.7  PSIA  FUEL  TEMP  AT  F/M  94.  OEG  F 


SKIN  TFNPf  RATURF.  SL'PVFYI 


«44s  1 V 1 J 

*<«|  R5  7 

. OEG  F «4Si 
, OEG  y h 

S35 . OEG  E «49b 

914 

. OEG  F 447b  57. 

OEG  F 

GAS 

ANALYSIS  UATA 

FOR  GAS  SAMPLES  TAKEN 

IN  TMF  EXHAUST  OUCT 

CHEMICAL  E/4  MaTIOI 

.417966  COMBUSTION 

EFFICIENCY!  99.4763 

X 

measured 

co?j  j.6«h  x 

MEASURED  02  * 15.49 

X 

CALCULATED  021  15. 

94  X 

ANALYSIS  CHECSI  F/A  IS 

,317916  WHEN  CALCUL 

A TN  o USING  MEASURED  02 

value 

EMISSIONS  MEASI  PFHENTS 

Comcen  ThaTTon 

EMISSIONS  INOEX 

INSTRUMENT 

PPM 

Lb/im'2  LB  FuE.t 

SOURCE 

r.n 

4M4 .22 

94.597 

PECKman  NOIR 

fM* 

9.40 

.2  IP 

BFCKHan  f to 

NO 

99.40 

2.549 

amt 

CHEMILUMINESCENCE 

Nf»U 

45.71 

4.B6& 

AMI 

chemiluminescence 

N 0 

21  ,9t‘ 

2.196 

BECKMAN  NOIR 

MIX 

40  .HE 

4.079 

M EC KM AN  fNO I R ♦ N0UV1 

ABSOLUTE  HUNiniTY  • .bp  GRAINS  PER  POUNO  OE  CRT  AIR 
SMC5F  number  b 12,36 
pilot  »fb  ?a,«  1 h/mour. 


Figure  96.  Modified  Conventional  Liner  No.  10  Rig  Data  at  55%  Power 

and  0%  Open  Geometry. 
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COMBUSTION  RESEARCH  LABORATORY  • FEASIBILITY  PIG  EXPERIMENTS 
T63  TYPE  COMPUSTCR  TEST  - RIG  B/IJ  174,  TEST  SERIES  -A  , READING  « 1809 

KnniHFn  CONV.  LINER  p/p  EXH629?,  N077LE  EX13870C.  JP-4. 

TEST  DATE!  174  TIME  OF  OAT!  1935152  HOURS 


CVCLF  POINT  4 VARIABLE  GEOHFTRY  5?  * CLOSET 
•a*********************  experimental  rnK OITTONS 


55X  POWER  SETTING 


PUPNEW  A I P HOW  ?. PS?  LB/SEC 
AVG  BURNER  INLET  PRES  8?, 3 PSI* 
AVG  P'JPNES  OFLTA  P 7,43  "MG 
OVEB  ALL  F/A  PATIC  ,*1«?4  (F/M) 

aim  load  factor  1.054? 

POT  MOT  SPOTj  « ?9  a IMS.  OEG  F 
FUEL  INLET  TFMPtHATliPE  70.  nFG  F 
MEAT  LOADING  PAPAmEIFM  .5««0?F*06 


avg  burner  inlet  temp  483.  peg  f 

AVG  BURNER  OUTLET  TEMP  162<*.  DEG  E 
PRESSURE  LOSS  4,43  X 

FUEL  FLOW  PATE  167.36  LB/MB 

PATTERN  FACTOR  .2093? 

MAX  POT  / AVG  ROT  1.1499 

Fhfl  INLET  PPFSSIJPE  98.8  PSIA 

PTlj/HOUR/ATM/rURIC  FOOT  (Va  1,0000005 


a******************  BURNER  OUTLET  TEMPERATURE  SURVEY  a****************** 
10  TFMP  10  TEMP  TO  TEMP  ID  TfcMF  ID  TEMP  ID  TEMP  10  TEMP 

ANNUI.US  1 21  1 R 1 P , 24  1641.  ? 7 1463.  30  17?S.  33  1780.  36  1736.  39  1489. 

ANNULUS  9 92  1 863 , 29  1087.  9«  1343.  31  1742.  34  1713,  37  1448.  4?  1700. 

ANNULUS  3 23  1666,  96  1388.  29  1438.  39  1 6?9.  39  16M.  38  1 517,  41  1499. 

LFFT  S I OF  ************  AIP  INLET  TUBF  CONDITIONS  ************  RIGHT  SIDE 
TOTAL  PRESSURE  8?. 47  PSIA  TOTAL  PPESSUBF  82.49  PSIA 

A I B TEMPERATURE  464 , OFG  E AIR  TEMPFRATUBF  463.  OEG  F 

POMRUSTPR  OUTER  CASE  STATIC  PRESSURE,...’. S t . J 1 PSIA 

AIR  FLOW  DATA!  P-RFE«  114. t PSIA  OFLTA  P»  3.16  "MG  T-REF*  4P,  OEG  F 
FUEL  SYSTEM  DATA! 

FUEL  F/M  FMEOIJEPCT  608.  HZ  VOLUMETRIC  FLOW  RATE  96.49  GAL/MR 

FUEL  PRFSSUBF  AT  E/M  468.4  PSIA  FlJFl  TFMP  AT  F/M  67.  OEG  F 


SKIP  TEMPfRATuPf  SURVEY! 


M44a  1086 
648a  93R 

. r>tG  E 649* 
. DFG  F n 

919.  OEG  F «46* 

E63 

. OEG  F 847*  57. 

DEG  F 

GAS 

analysis  data 

FOR  GAS  SAMPLES  TASFN 

IN  THE  EXHAUST  DUCT 

CHEMICAL  F / A p A I 1 0 1 

,'*18599  COMBUSTION 

EFFICIENCY!  99,8313 

X 

MEASURED 

C09S  3.694  X 

MEASURED  02!  13. 

60  X 

CALCULATFO  09!  15. 

57  X 

ANALYSIS  CHECK!  E/A  IS 

.£*18300  WEEN  CALCULATED  USING  MEASURED  02 

VALUF 

EMISSIONS  MfAStPFMFNTS 

CONCENTRATION 

FMISSIONS  INDEX 

instrument 

PPM 

1.8/1000  LP  FI'Fl 

SOURCE 

CO 

123.71 

7.484 

EECKHAN  NDIR 

Oh* 

.48 

,0  46 

HECKMAN  FIO 

NO 

49.83 

4.051 

A“I 

CHEMILUMINESCENCE 

NO* 

60.  P? 

5.963 

A M I 

rHMMiLuMiNESCENce 

NO 

48,94 

4.793 

MECKMAN  N 0 I R 

HO* 

m m m m 

61,60 

6.111 

MCKEAN  (NO  I R ♦ N0UV1 

ABSOLUTE  HUM10ITY  ■ .06  GRAINS  PE*  POUND  OF  OPV  AIN 

SMPHE  MUMPER  8 8.60 

P I L T »F«  30.0  LP/MOUR. 


Figure  97.  Modified  Conventional  Liner  No.  10  Rig  Data  at  55%  Power 

and  50%  Open  Geometry. 
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rO^PlJST  TON  “FS^WCH  LMnPiTCBV  . FFAST«ILITV  Bir,  EXPERIMENTS 
T63  TYPE  COPHl'STr*  TF  ST  - BIG  B/u  IN,  TFST  S ► B T F 5 -A  , RfAOING  at  |«1F 
MOOIFIFO  CfN  V,  LINER  P/N  FX1 1*292,  N 0?  71  F E X t SB  7 'AC  . ^ P- 4 . 

TEST  0 4 T F j 174  TJmf  OF  PAY!  1947133  POURS 


CYCLF  POINT  6 VARIABLE  GEOMETRY 
***********************  FxPFBtPf‘T4L 
PUBFFk  AIR  FLHw  2.439  LP/SEC 

AVO  XUBFER  INLFT  PRES  82.6  PSIA 

AVG  H'lRNEP  DELTA  P 6.59  "HP 

OVERALL  F/A  BATir  .01635  f F /HI 

AlW  I PAP  FACTPB  1 .PASS 

POT  HPT  SPOTj  * >1  > 1U13.  PFfi  F 

FUFL  INLET  TEMPERATURE  73.  PER  F 


V X CIPSEO  55X  POWER  SETTING 

conditions  ********** ************* 
AVP  HLIBKFB  INLFT  TFMP  464,  OEG  F 
AVG  PI'BNEB  OUTLET  TEMP  1636.  DEG  E 
PRFSSUBE  IUSS  3,9?  X 

FLFl  F L.C m BATE  167. IP  LB/HR 

PATTFBm  FACTPB  .23439 

MAX  POT  / AVG  POT  1.17P7 

FUFL  INLET  PRFSSUPE  99.4  PSIA 


HEAT  LPAPTNG  PABihFTfcB  .55B66F*t»6  BTU/MOUR/ATM/CIIBTC  FOPT  (Va  l.PPPPPPl 


*******************  PUWNFO  OUTLET  TFMPFBAlUBF  SURVEY  ******************* 

ID  TF.mp  10  TEMP  ip  TEMP  TO  TEMP  If  TEMP  IP  TEMP  ID  TEMP 

annulus  1 21  1 B 1 ? . 2 4 1423.  ?7  1324.  32  1 797.  33  160?,  36  191?.  39  1936. 

ANNULUS  2 22  1 743.  29  1931.  26  1646.  31  1PMP.  34  1»1?.  37  1 445.  46  1797. 

ANNULUS  3 23  1623.  ?M  1466.  29  1552.  3?  169P.  35  1732.  36  1668.  41  1626. 

LEFT  SIDE  ************  ATB  INLET  TUBE  CONDITIONS  ************  RIGHT  3I0E 
TOTAL  PRESSURE  62.55  PSIA  TOTAL  PRE5SUBE  62.56  PSIA 

AIR  TEMPERATURE  464.  OEG  F AIR  TEMPERATURE.  464.  DEG  F 

COMBUSTOR  OUTER  f A S F STATIC  PRESSURE , 81.59  PSIA 

AIR  Flo*.  DATA!  p-RFEb  114.1  PSIA  PElTA  pa  3.11  "MG  T-REFa  39.  DEG  F 
FUFL  SYSTEM  OATAs 

FUEL  F/M  FREQUENCY  6’.»5.  M7  VPLUMFTR  TC  FLOW  BATE  2«,45  GAL/HR 

FUEL  PRESSURE  AT  F/M  499.3  PSIA  FUFL  TEMP  AT  F/M  67.  OEG  F 


SKIN  TFmPFRaT|!RE  SUP  VF  Y | 


•44a  863 

a 46  * 766 

. HFG  F a46 a 

. DEG  F a 

944.  OEG  F a 46 a 

60? 

. OEG  F a 4 7 a 56. 

DEG  F 

GAS 

analysts  cata 

FilB  GAS  SAMPIFS  TAKFM 

IN  T ME  EXHAUST  DUCT 

CMEMICAL  F / 4 E AT  It)  1 

.316366  COMBUSTION 

EFFICIENCY!  99.8853 

X 

MEASURED 

COP  t 3.787  X 

M£  ASUPFD  021  19. 

68  X 

CALCULATED  021  15. 

72  X 

ANALYSTS  CHECK!  F/A  IS 

.416136  WHEN  CALCULATFD  USING  MEASURED  02 

VALUE 

EMISSIONS  MEA5UPFMENTS 

CONCENTRATION 

EMISSIONS  TNPEX 

INSTRUMENT 

PPM 

LP/1P6P  LB  FliEt 

SOURCE 

CO 

72.94 

4,367 

PECKMAN  NOIR 

C M X 

.33 

.731 

PECKMAN  F 10 

NO 

6P.B7 

6.727 

6 M I 

CHEMILUMINESCENCE 

NOX 

7P.2? 

6.933 

AMI 

CHEMILUMINESCENCE 

NO 

59.3? 

5.657 

PECKMAN  NOIP 

NOX 

m m m m 

69.91 

6.9713 

PECKMAN  f NO  16  ♦ NOUVJ 

ABSOLUTF  HUM  I P I T Y a ,P7  GRAINS  PF»  PCUND  OF  0»Y  At* 
SMCKF  NIJMPER  ■ 9,51 

PILOT  WF«  36.6  LB/hOUR. 


Figure  98.  Modified  Conventional  Liner  No.  10  Rig  Data  at  55%  Power 

and  100%  Open  Geometry. 
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roMPuSTiON  research  laboratory  - 
T63  TYPE  rOMH'lStrw  TFST  - PIG  R/U  174, 
MODIFIED  CONV.  P/M 

Tfc  ST  OATES  174 


FFASIRIl  TTY  BIG  FXPFRImFNTS 
TEST  SERIES  -4  , BEARING  * 

, NP77LE  EX15R77C.  JP-4. 

TIME  DE  OAYI  27141  6 HOURS 


TYCLE  POINT  4 V*PI4HLF  GEOMFTBY 

***********************  FYPFBTMENTAL 
PU»NEB  AI»  Flow  3,7*7  L«/SFr 

avg  burner  Inlet  psfs  «a,2  psia 

A VG  auBNfiP  OElTA  P R.37  "MG 

OVFBALL  E/A  BATIC  .71*97  (F /Ml 
AIR  LOAU  FACTOR  1.7?42 

PCT  HOT  SPOTt  « 21  ■ ?7R7.  nfR  f 
FUEL  INLET  TFMPFBATliBR  71.  OFG  F 


■sp  * closed  75x  power  setting 
COMO  IT  IONS  *********************** 
AVR  BURNER  INLET  TEMP  M7.  OEG  E 
AYR  RUBIER  OUTLET  TEMP  1817,  OFG  F 


PPFSSliPF  LOSS 
FUFL  El.CW  BATF 
PATTFWN  FACTOR 
MAY  bCT  / AVG  ROT 
FliKl  INLET  PRESSURE 


4.34  X 

770.99  IB/MR 
, 1Q977 
1.1 422 
129.5  PSIA 


MEAT  LOADING  PAPAMFTEB  ,61659F*76  PTH /HOUR/ ATM/CUR  I C FOOT  (V«  1.777777) 


*******************  HIIRNEB  OUTLET  TEMPFBATIIFF  SURVEY  ******************* 
10  TEMP  10  TEMP  TO  TEMP  TO  TEMP  ID  TEMP  10  TEMP  10  TEMP 

ANNULUS  1 21  2767.  ?4  1727.  77  1620.  37  1*99.  33  1959.  36  1016.  39  1772, 

ANNULUS  2 22  2iA5».  75  1750.  7R  1 7 1 3 . 31  191*.  34  1 677.  37  1602.  47  1097. 

ANNULUS  3 23  1825.  ?6  1563.  20  1634.  32  1757.  35  1072,  38  1742.  41  1777. 


LFFT  SIDE  ************  AIR  INLET  TURF.  CONDITIONS  ************  RIGHT  SIOE 
TOTAL  PRESSURE  03.07  PSIA  TOTAL  PBFSSUHE  94. «2  PSIA 

A IB  TEmPEPaTiiSE  517,  OFG  F AIR  TFMPEBATUBF  317,  OEG  f 

COMRUSTPR  OUTFB  DaSF  STATIC  PRESSURE 92.63  PSIA 


AIR  FLO*  DATA!  P-WEF* 
FUEL  SYSTEM  OAT  A | 

FUEL  F/M.  frfouencv 
FUEL  PRESSURE  AT  F/M 


113.7  PSIA  OFLTA  P«  3.77  "HR  T-RFF*  47,  OEG  F 

765.  H?  VOLUMETRIC  FLOW  RATE  33.29  GAL/MR 

340.5  °9IA  FURL  T FMP  AT  F/M  60.  OEG  F 


• 4 4 » 1139.  OEG  F 

• 48*  1722.  OFG  F 


SKIN  TEMPERATURE  SUPVf  Yl 
*45*  1 14H . OFG  F *46*  086,  OEG  F 

* 


•47*  61.  OFG  F 


GAS  ANALYSTS  DATA  FQB  RAS  SAMPLES  TAKEN  IN  THE  EXHAUST  DUCT 
CHEMICAL  F/A  RATIO!  .727805  COMBUSTION  EFFICIFnCTI  99.9261  X 
MEASURED  CO?S  4.412  X MEASURED  02«  14.87  X CALCULATFO  021  14.85  X 
4NALVST3  CHECKS  R/A  IS  .727946  hM?N  CALCULATFO  USING  ME  ASUBEO  02  VALUE 


EMISSIONS  MEASUREMENTS 
CONCENTHATION  EMISSIONS  INDEX 
PPM  LR/1777  lb  FUEL 

INSTRUMENT 

SOURCE 

CO 

47.66 

2.127 

PECKHAN  NOIR 

CHX 

.67 

.7  33 

PECKHAN  FID 

NO 

67.48 

7.491 

AMI 

CHEMILUMINESCENCE 

NOY 

66,55 

7.56? 

AMI 

CHEHILUHINESCENCF 

NO 

83,64 

7.161 

HECKMAN  NOIR 

NOY 

92.53 

7.923 

PECKHAN  cnoir  ♦ N0UV1 

ABSOLUT*  HUMIDITY 

• .77  GRi INS 

PER 

POUND  OF  ORY  AIR 

SMCKF  NUMBER 

■ 5.17 

WF» 

28,7  IB/HOUR. 

Figure  99.  Modified  Conventional  Liner  No.  10  Rig  Data  at  75%  Power 

and  50%  Open  Geometry. 
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combustion  research  laboratory  - feasibility  rig  experiments 

T63  TYPE  COMPUSTTR  TFST  - RIG  B/U  174,  TEST  SERIES  -A  , READING  8 1812 

MODIFIED  CCNV.  LINER  P/N  EX118292,  NP7ZLE  EX13B78C.  JP-4. 

TEST  DATE:  174  TIME  OE  PAY!  2*32113  HOURS 

CYCLE  POINT  « VARIABLE  GEOMETRY  \nv  x CLOSED  75X  POwER  SETTING 

a**********************  EXPERIMENTAL  COMITICNS  •••••••••••••••••*••*•• 

BUPNER  AIR  flow  3.124  LH/SEC  AVG  BURNER  INLET  TEMP  316.  DEG  P 

AVG  BURNER  INLET  PHF8  94.2  PSIA  AVG  BURNER  OUTLET  TEMP  1737.  CFO  F 

AVG  BURNER  DELTA  P t y* . 1 7 "HP  PRESSURE  l OSS  3.3*  X 

OVERALL  E/a  RATIO  .*1*73  fF/M)  E IIP L FLOW  RATE  21*. 37  LB/MR 

AIR  LOAD  FACTOR  1.236*  PATTERN  FACTOR  .23*13 

POT  MOT  SPOTi  • 21  ■ 2*4  3.  OEG  F MAV  BCT  / AVG  BOT  1.1736 

FUEL  INLET  TEMPER ATUPfc'  72.  0£G  F FIIFL  INLET  PRESSURE  129.1  PSIA 

MEAT  LOADING  PARAMETER  .617*7F**6  BTII /HOUR  / AT  M/CUBIC  FOOT  (V*  1,'****0*1 

*•*•«**•***••**•*•«  BURNER  OUTLET  TEMPERATURE  SURVEY  a****************** 
10  TEMP  in  TEMP  TO  TEMP  10  TEMP  IL  TEMP  10  TEMP  ID  TEMP 

ANNULUS  1 21  2*43.  ?4  1776.  27  1639.  ?*  1931.  33  19*1.  36  1810.  39  17*2. 

annulus  2 22  1961.  ?B  1719.  26  1576.  31  1S*2.  34  1783.  37  1343.  4*  1849. 

ANNULUS  3 23  1762.  ?«  1429.  29  1361.  32  1*43.  38  1684.  36  1643.  41  1363. 


left  slot  ************  air  inlet  tupe  conuittons  ************  right  side 

total  PRESSURE  94.1*  PSIA  TOTAL  PRESSURE  94.18  PSIA 

AIR  TEMPERATURE  517.  OEG  f AIR  TEmPERATURF  316.  DEG  E 

COMPUSTO®  OUTER  CASE  STATIC  PRESSURE....'. 92.37  PSIA 

AIR  FLOW  OATAI  P-RFE*  113.8  PSI*  DELTA  P*  3.77  "MG  T-REF*  36.  OEG  F 
FUEL  SYSTEM  OATAI 

FUEL  F/m  EREOUENCY  767.  H2  VOlUMETRIC  FLOW  RATE  33.37  GAL/HR 

FUEL  PRESvSURE  AT  P/M  352.6  PSIA  FUEL  TEMP  AT  F/M  69.  DEG  F 


SKJN  TEMPF.RATURF  SURVEY! 

844*  1 126,  r>FG  F 846*  939,  OEG  F 846*  1*1*.  OEG  F 847*  39,  DEG  F 

846*  1*63.  PEG  F 8 


GAS  ANALYSIS  OATa  FOR  GAS  SAMPLES  TAKEN  IN  THE  EXHAUST  DUCT 


CHEMICAL  F/A  PaTIPI  .*19666  COMBUSTION  FFFICIFnCYI  99.6166  X 
MEASURFO  C02 I 4,137  X MEASURED  021  13.3*  X CALCULATED  021  13,23  X 
ANALYSIS  CHECK!  F/A  IS  .*196*1  WMEN  C ALCUL *T{ 0 USING  MEASURED  02  VALUE 


EMISSIONS  MEASUREMENTS 

CONCENTRATION  EMISSIONS  INDEX  INSTRUMENT 

PPM  LB/1***  L*  fuel  SOURCE 


CO 

CMX 

139.P4 

1.*4 

7.313 

.*66 

PECKMAN  NO IR 
BECKMAN  F 10 

NO 

NOX 

61.16 

67.36 

3.266 

3.819 

AMI  CHEMILUMINESCENCE 
AMI  CHEMILUMINESCENCE 

9 

NO 

NOX 

SQjl 

ZXZjHH| 

4.733 

6.186 

BECKMAN  NO IR 
BECKMAN  t N P I R * NOUVI 

ABSOLUTE  MUMJOITV  ■ .**  GRAINS  PER  ROUNO  OP  ORV  AIR 

SMOKE  HUMBER  ■ 6,6* 

PILOT  WP • 2*. 2 LR/NOMR, 


Figure  100.  Modified  Conventional  Liner  No.  10  Rig  Data  at  75%  Power 

and  0%  Open  Geometry. 
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COMBUSTION  RF.snawcm  ( aBOPATCRy  . FEASIBILITY  PIG  EXPERIMENTS 
T83  TYPE  COMPHSTCP  TEST  . RTG  B/U  174,  TFST  SERIES  -A  , RFAOING  P 1813 
MUOIFIFD  CFNV,  LINER  P/n  F.X1  1629?,  N077LE  EX1S870C,  JP-4. 

TFST  OATF:  174  TIME  OF  PAY:  2033127  H0UP3 


CYCLE  POINT 


variable  geometry  tap  x closed 


1 PP X POWER  SETTING 


EXPERIMENTAL  conditions 


BURNER  air  FLOW  3,317  LH/SFC 

AVG  BURNER  IN'LFT  PRFS  103.2  PSJA 
AVG  BURNER  DELTA  P IP, 71  "HR 
OVERALL  F/A  RATIC  .02136  (F/M) 

air  load  factor  i,*iis 

ROT  MOT  SPOTj  a 21  « 232a.  OFG  F 

fuel  inlet  ifmpfk»tu«f  74.  deg  f 

HEAT  LOADING  parameter  ,RB47SF*2F 


AVG  BURNER  INLFT  TEMP  569.  OEG  F 
AVG  BURNER  OUTLET  TEMP  1966.  OEG  F 
PRESSURE  LOSS  3,72  X 

FUFL  FLCR  RATE  260.95  LB/HP 

PATTERN  FACTOR  .25342 

MAX  POT  / AVG  POT  1.1820 

FUFL  INLET  PRESSURE  183.9  P3IA 
BTlI/HOl'P/ ATM/CUBIC  FOOT  (V«  1.0000001 


*******************  BURNER  OUTLET  TFMPFR ATIIfiE  SURVEY  ******************* 
TO  TFMP  id  TFMP  10  T F m P 10  TEMP  ID  TEMP  10  TEMp  ID  TEMP 

ANNULUS  1 21  ?3?P.  ?4  1 °58 , 27  1838.  30  2199.  33  2145.  38  2029.  39  1936. 

ANNUL'IS  2 22  2237.  ?*>  1892,  2«  1843.  31  21  13.  34  2022.  37  1787.  42  2107. 

ANNUI.UR  3 23  1990.  ?6  '1581.  29  1810.  32  1887.  3?  1894,  38  1881.  41  1602. 


LEFT  SIDE  ************  A I P iNlfcT  TUBE  CONDITIONS  ************  RIGHT  SIDE 


TOTAL  PRESSURE  105.13  PSIA  TOTAL  PRESSURE  123.21  PSIA 
AIR  TEMPERATURF  570.  DEG  F A I H TEMPERATURE  569.  DEG  F 
COMBUSTOR  OUTER  TA$F  STATIC  PRESSURE'....'. 123.36  PSIA 


AIR  FLOI*  DATA}  P-RFFa  113.5  PSI*  DELTA  P«  4.27  "MG  T-REF*  36.  OEG  F 
FUFL  5VSTFM  OATAt 

FUFL  F/M  FREQUENCY  933.  H7  VOLUMETRIC  FLOW  RATE  41.47  GAL/HR 

FUEL  PRESSURF  AT  F/M  327.6  PSIA  H:FI  TFMP  AT  F/H  71.  OEG  F 


S*IN  TEMPfHATlIPE  SURVEYI 

• 44»  1283.  deg  F *4Sa  l^SS.  PEC  F a A 6 a 1143.  OFG  F a47a  64.  OEG  F 
B 48  a 1211.  OFG  F A 


GAS  ANALYSIS  DATA  FOP  GAS  SAMPLES  TAKEN  IN  THE  EXHAUST  OUCT 
CHEMICAL  F/A  Ratio:  .022706  COMBUSTION  EFFICIENCY!  99.9355  * 

MEASURED  C02 : 4.B0A  X MEASURED  021  14.37  X CALCULATED  02 « 14.31  X 
ANALYSIS  CHE-CK:  F/A  TS  .027713  WHEN  CALCULATED  USING  MFASURFO  02  VALUE 


CONCFnTPATION 

PPM 

EMISSIONS  MEASUHFMFNTS 
FMISSIONS  TNTFX 
L8/1002  LB  FUE l 

INSTRUMENT 

SOURCE 

CO 

33.31 

1.306 

BECKMAN  NO  I P 

CMX 

.73 

.732 

8ECKM AN  FID 

NO 

97.34 

7.743 

AM  J 

chemiluminescence 

NOX 

9P.64 

7.324 

AMI 

CHEMILUMINESCENCE 

NO 

94,8m 

7,216 

PECKMAN  NO  I P 

NOX 

«B  • KB  • 

187.36 

7.81? 

8ECKMAN  fNOIP  ♦ N0UV1 

ABSOLUTF  HIJMTOITV  a .70  GRAINS  PFP  PDUNO  OF  ORV  AIR 
SMCKE  NUMBER  ■ 4.23 

PILOT  WFP  20,0  l 6 /HOUR , 


Figure  101.  Modified  Conventional  Liner  No.  10  Rig  Data  at  100%  Power 

and  0%  Open  Geometry. 
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o 20  iJO  60  80  ICO 

Percent  Output  Horsepower 


Figure  102.  Modified  Conventional  Liner  No.  10  and  Baseline 
Liner  Unburned  Hydrocarbon  Emissions. 
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Carbon  Monoxide  Emissions  Index  - gm  CO/kg  Fuel 


(l  26.1))^ 


Figure  103.  Modified  Conventional  Liner  No.  10  and  Baseline 
Liner  Carbon  Monoxide. 
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Nitrogen  Oxides  Emissions  Index  - gm  NO^kg  Fuel 


12 


Percent  Output  Horsepower 


Figure  104.  Modified  Conventional  Liner  No.  10  and  Baseline 
Liner  Total  Nitrogen  Oxides. 
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SAE  Smoke  Number  (ARP  1179  Procedure) 


Percent  Output  Horsepower 


Figure  105.  Modified  Conventional  Liner  No.  10  and  Baseline 
Liner  Exhaust  Smoke  Emissions. 
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Because  only  three  dilution  hole  areas  were  used  in  the  actual  testing,  the 
exhaust  emissions  for  CHX,  CO,  and  NOx  were  plotted  as  functions  of 
the  percent  dilution  hole  setting  in  Figures  106,  107,  and  108,  The  curves 
in  each  of  these  plots  correspond  to  the  LOH  duty  cycle  power  levels 
from  operational  idle  to  100%  power.  Using  these  curves,  exhaust  emis- 
sions concentrations  for  additional  dilution  hole  area  settings  were  ob- 
tained for  20,  30,  40,  60,  and  75%  open.  Using  this  matrix  of  data,  com- 
binations of  settings  were  searched  to  establish  minimum  total  duty  cycle 
emissions  for  a given  set  of  both  emissions  levels  and  operational  con- 
straints. These  minimum  emissions  results  are  presented  in  Table  69 
for  modified  conventional  liner  No.  10.  The  primary  zone  could  not  be 
leaned  to  the  point  where  the  90%  baseline  NOx  goal  could  be  achieved. 
Holding  cycle  NOx  at  baseline  levels  was  achievable  with  this  design. 

Only  by  allowing  the  NOx  to  increase  above  baseline  levels  to  allow  trading 
NOx  for  CO  reductions  could  the  50%  baseline  in  total  emissions  be  ob- 
tained. The  dilution  settings  accompanying  the  emissions  results  in 
Table  69  are  presented  in  Table  70. 

LOH  duty  cycle  summaries  for  two-position  dilution  geometry  control  are 
shown  in  Table  71  for  emission  levels  using  only  the  actually-measured 
rig  test  data,  and  for  the  expanded  data  matrix.  To  achieve  no  NOx  in- 
crease above  baseline,  the  actual  data  using  100%  open  through  40%  power 
and  0%  open  above  40%  power  was  the  minimum  total  emissions  configur- 
ation. The  next  best  two-position  dilution  geometry  combination  was 
the  75%  open  setting  from  the  expanded  data  set  (see  the  lower  part  of 
Table  71).  Baseline  NOx  could  be  maintained,  but  the  total  emissions  in- 
creased due  to  the  rise  in  CHX  and  CO. 

Exhaust  temperature  patterns  for  modified  conventional  liner  No.  10  are 
compared  with  baseline  pattern  factors  in  Figure  109.  For  the  minimum 
emissions  combination  of  settings,  the  exhaust  profile  is  satisfactory  for 
a preliminary  engine  run.  Individual  temperatures  in  the  exhaust  annulus 
at  100%  power  are  indicated  in  Figure  110  for  the  0%  dilution  setting. 

Four  liner  metal  temperature  thermocouple  readings  are  plotted  in  Figure 
111  for  the  minimum  emissions  combination  of  dilution  area  settings.  The 
fifth  thermocouple,  at  the  reaction  zone,  was  destroyed  during  fabrication. 
All  measured  temperatures  were  well  below  the  1700°F  maximum  allow- 
able goal  for  good  durability.  The  highest  temperatures  measured  were  at 
the  liner  exhaust  seal  ring,  and  here  no  thermocouple  read  as  high  as 
1300°F. 
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Figure  106.  Modified  Conventional  Liner  No.  10  Interpolated 
Unburned  Hydrocarbon  Curves. 
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Figure  107.  Modified  Conventional  Liner  No.  10  Interpolated 
Carbon  Monoxide  Curves. 
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Emission  Index  NOx— g NOxAcg  Fuel 


>< 

os 

H 

U3  • 
2 < 
X O E- 

uu< 
QUO 
Z i 

HWO 
►J  l-l 
CO  CQ  OS 
Z < 
OhH 
1-1  OS  to 

co  < tu 

CO  > t-i 
1—1 

2C  CO  CJ3 

w z z 

O t-t 
U3  i-i  to 
—3  CO  S3 

u to 

>-  HH  CO 
u 2 OS 

w o 

1 H 
H SB  CO 
3 O =3 
Q _3  CO 
2 

zoo 

ozu 

~J  < 

1-3 

Q U < 

w z z 
U 1-1  o 

— 3 1— • 
OS  U3  H 
W CO  Z 
> < U3 
< « > 
< z 

H OS  O 
X O U 

CJ  lb  I 
1-1  Q 
U3  >*  U3 
So:m 
■ < lb 
w 2 h 
2 20 
i-|  O O 
H CO  2 


03 1 

cal  >j  >- 
■H  X CO 

iz« 

CVJ 


r-l'tR. 

OvViR 

1 

-=T 'feR 

[•—  in 

on  m 

i cm  in 

o in 

CVJ  t-~ 

cm  or 

t'-t'- 

on  or 

• 

• 

• 

• 

on 

on 

<r 

CM 

rH 

CM 

r— 1 

i 

in>R 

X)  OV 

l X)  Ov 

■=r  cm 

onOv 

OO  CM 

onov 

i—i  on 

• 

• H 

• 

• i—i 

in 

VO 

in 

t'- 

o^sr 

1 X3>R 

CM>R 

onm 

X)  OV 

i onm 

inov 

ovt^ 

O CM 

OVN- 

00  CM 

• 

• 

• 

• 

f- 

N- 

t — 

X3 

•H  bO 

« c 


a.  <d 

•H  2 
40 

* « 


m 

X 

to 

X 

O 

C X 

o 

z 

rH 

■H  O 
-P  z 

z 

$ 

cd 

-p 

40 

4)  >8. 
CO  O 

s 

o 

o 

o 

rH 

Eh 

OV 

rH 

C 

bO 

p 

O bO 

bO 

c 

3 

•H  C 

C 

•H 

B 

40  -H 

40 

«H 

3 40 

40 

03 

c 

rH  (D 

<13 

a> 

•H  a> 

4) 

s 

2 

o s 

s 

• 

• 

o • 

• 

m 

o 

ft  « 

m 

TABLE  71.  TIME-WEIGHT- AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  FOR 
MODIFIED  CONVENTIONAL  LINER  NO.  10 


PERCENT  OF  BASELINE  100.59  17.97  73.91  100.00  73. 9* 


Exhaust  Pattern  Factor  - (Tmax-Tavg)/(T&vg-Tln 


LOW-EMISSION  MODIFIED  CONVENTIONAL  COMBUSTOR  I OB  OPEN  VS  I AT  100S  POWER  POINT 
TEST  DATE  * 2-12-75  HEROINS  NUMBER  * ISIS  INLET  TENP  = 9S9. 

engine  number/name  « conb.  Rig  / nooel  29o-c2oe  engine  tot  • moo. 

OUTER  CASE  NUMBE R/NANE  > 4«57004-VG  / VARIABLE  6EOMETRT 
LINER  NUMBER/NAME  * EX-114292  / MOO.  CONV.  NO.  10 


• • • 

• •ANNULUS* 

• • • • 

HUB 

HID 

TIP 

TOTAL 

AVERAGE  TEMPERATURE 

20GS.3 

2000.4 

1055.0 

1045.0 

MAXIMUM  TEMPERATURE 

2920,0 

2257.0 

1000.0 

2320.0 

•avg-inlet)  TEMP 

1000. 3 

1051.4 

1240.0 

1304.0 

•HAX-AvG)  TEMP 

29G.7 

254.0 

145.4 

350.2 

MAX  TEMP/AV6  TEMP 

1.1200 

1.1102 

1.0005 

1.1002 

•HAX-AVG)/* AVG-INI 

0.1710 

0.1452 

0.1500 

0.2534 

(AVG- AVG  TOTAL  ) 
•TIP-HUB)  AVG  TEMP 
(AVG  TOTAL-TOT) 

07.9 

50.0 

•152.5 

►220.0 
075. 0 

Figure  110.  Modified  Conventional  Liner  No.  10  Exhaust 
Temperatures  at  100%  Power. 
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Liner  Metal  Temperature 


Summaries  of  the  performances  of  all  ten  modified  conventional  liners  are 
given  in  Tables  72,  73,  and  74  for  LOH  duty  cycle  emissions  (emission 
index  and  percent  of  baseline  emissions),  pattern,  and  liner  metal  temper- 
ature and  pressure  drop. 

The  modified  conventional  liner.  No.  10,  was  coated  with  thermally  sensi- 
tive paint  and  operated  at  100%  power  conditions  for  twenty  minutes.  The 
interpreted  paint  results  for  this  liner  are  presented  in  Figures  112 
through  116. 

Figures  112,  113,  and  114  show  the  combustor  after  it  had  been  tested  in 
the  high -power  dilution  band  setting.  The  temperature  patterns  in  these 
photographs  show  no  temperatures  above  the  1400°-1706°F  band  and  only 
one  small  area  at  the  rear  seal  within  this  band.  Figure  115  shows  the 
dilution  band  rotated  to  the  low  power  setting  to  uncover  a portion  of  the 
metal  covered  by  the  dilution  band  in  the  high  power  setting. 

A photograph  of  the  results  of  the  thermal  paint  on  the  inside  of  the  modi- 
fied conventional  liner  can  be  seen  in  Figure  116.  The  majority  of  these 
surfaces  operated  in  the  968°- 1400 °F  range,  with  a few  areas  in  the  next 
higher  range  of  1400° -1 706° F. 

The  modified  conventional  liner  should  operate  at  very  cool  metal  temper- 
atures when  installed  in  the  engine,  even  with  the  convection  cooling  of 
the  primary  zone  and  the  double  wall  construction  in  the  dilution  zone. 

The  modified  conventional  liner  No.  10  underwent  ambient  and  simulated 
altitude  starting  tests  on  the  combustor  test  rig.  The  standard  Model 
250-C20B  ignition  system  was  used  with  the  spark  plug  mounted  in  the 
standard  position,  adjacent  to  the  fuel  nozzle,  through  the  liner  dome. 
Ambient  inlet  temperature  (44°-53°F)  and  ambient  inlet  pressure  (14.7- 
15.  1 psia)  starting  was  conducted  over  a range  of  airflow  rates  from  0.  50 
to  0.  69  lb/sec.  Combustor  pressure  drops  varied  from  2.0  to  3.  7%. 
Successful  starts  were  accomplished  at  the  conditions  given  in  Table  75. 
Starts  were  attempted  on  the  pilot  only  and  on  the  pilot  plus  varying  rates 
of  airblast  main  fuel.  No  successful  starts  were  obtained  with  any  amount 
of  main  fuel  either  separately  or  with  pilot  flow. 

The  inlet  pressure  was  then  reduced  to  the  25,000  feet  altitude  level  of 
5.46  psia,  where  starting  was  again  attempted  with  varying  flow  rates  of 
pilot  fuel  only  and  pilot  plus  main  fuel.  At  this  condition,  with  an  airflow 
rate  of  0.23  lb/ sec,  successful  starts  were  obtained  with  the  pilot  fuel 
system  only  at  flow  rates  of  approximately  20-25  Ib/hr.  One  of  these 
starts  is  documented  in  the  last  line  of  data  in  Table  75. 
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The  starting  .tests  for  the  modified  conventional  liner  were  conducted  with 
DDA  airblast  nozzle  EX-115870C  having  a separately  controlled  simplex 
pilot. 

Modified  Conventional  Liner  No.  11 


Combustor  rig  testing  was  completed  with  modified  conventional  liner  No. 
10.  A new  combustor  was  fabricated  for  engine  testing  on  the  Model  250- 
C20B  engine,  the  next  portion  of  the  program.  The  exhaust  temperature 
pattern  from  liner  No.  10  was  only  marginally  acceptable.  Therefore,  the 
combustor  fabricated  for  the  engine  testing  No.  11  was  changed  slightly 
to  try  to  produce  a dilution  hole  pattern  for  high -power  operation  that 
would  give  a more  uniform  liner  exhaust  temperature  distribution. 

Modified  conventional  liner  No.  8 had  a four-dilution-hole  pattern  in  the 
full  closed  (0%  open)  setting  with  holes  ±60°  to  the  horizontal  plane.  High- 
temperature  exhaust  regions  were  located  at  the  sides  of  the  turbine  inlet 
annulus.  Liner  No.  10  had  four  of  the  same  size  holes  in  the  same  axial 
location  but  located  circumferentially  ±30°  to  the  horizontal  plane.  High- 
temperature  exhaust  regions  from  this  hole  pattern  were  located  at  the  top 
and  bottom  of  the  turbine  inlet  annulus.  Therefore,  the  new  engine  com- 
bustor, modified  conventional  liner  No.  11,  was  designed  with  the  high 
power  dilution  holes  ±45°  to  the  horizontal  plane.  Photographs  of  the  ex- 
terior of  this  liner,  showing  the  low-power  dilution  setting  and  the  high- 
power  setting,  are  given  in  Figure  117  and  an  internal  view  is  shown  in 
Figure  118. 

A liner-hole  design  summary  for  all  eleven  modified  conventional  com- 
bustors is  given  in  Table  76.  All  of  the  modified  conventional  liners  had 
the  same  envelope.  The  effective  overall  length  was  8.  800  inches  and  the 
gross  overall  length  was  9.  590  inches,  which  includes  the  . 500 -inch  tur- 
bine inlet  seal  and  the  . 290-inch  fuel  nozzle  ferrule  thickness.  The  in- 
ternal diameter  of  the  reaction  zone  was  5.  25  inches  and  the  internal 
diameter  at  the  liner  exit  was  6.  150  inches.  Axial  positions  of  the  holes 
through  the  liner  can  be  determined  from  the  cross-sectional  sketch  for 
Liner  No.  10,  shown  in  Figure  87. 
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TABLE  72.  TIME-WEIGHT- AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  INDEX 
SUMMARY  FOR  BASELINE  AND  LOW- EMISSIONS  MODIFIED 
CONVENTIONAL  COMBUSTORS  FROM  RIG  TESTS. 


Highest  Cycle 

Combustor  Liner  Power  Level 


250-C20B  Baseline  100# 

75# 

Modified  Conventional 

1.  EX-114013  (variable)  100# 

2.  EX- 11^769  (Fixed)  75# 

3.  EX-ll*i7b9A  (Fixed)  75# 

*1.  EX- 11*1770  (variable)  100# 

5.  EX-115257  (Variable)  100# 

6.  EX-115860  (Variable)  100# 

7.  EX- U5887  (Variable)  100# 

8.  EX-115895  (Variable)  100# 

9.  EX-1 lb289  (Variable)  100# 

10.  EX- 115292  (Variable)  100# 


Maximum 

Smoke 


Emissions  Indey  ( gm/kg  Fuel) 
(f.  of  Baseline] 


uiwvorvv-  p it 

Number  xn.v 


100# 

*12.3** 

2 . 287 

23.955 

5.396 

31.639 

75# 

*12.3*4 

2. *178 

25 . 960 

5.2*18 

33.687 

100# 

29.36 

.*117 

8.055 

5.998 

14.  *171 

18# 

3**# 

111# 

*16# 

75# 

13-12 

.730 

9.857 

7. *473 

18.061 

29# 

38# 

1*12# 

54# 

75# 

9.68 

.507 

12.9*1*1 

5.322 

18.774 

20# 

50# 

101# 

56# 

100# 

2*1.  *11 

• 356 

9.990 

5-395 

15  .742 

16# 

*12# 

100s 

50# 

100# 

*1*1.58 

2. *152 

21.709 

5.383 

29.544 

107# 

91# 

100# 

93# 

100# 

13.91 

.555 

13.733 

5.323 

19.613 

2*1# 

57# 

99# 

62# 

100# 

8.75 

. 183 

11.235 

5-37*4 

16.793 

8# 

**7# 

100# 

53# 

100# 

13.61 

.5*16 

13.500 

5.389 

19.436 

2*1# 

56# 

100# 

61# 

100# 

5.91 

. 359 

13.671 

5.b*ib 

19.b88 

lo# 

57# 

1C5# 

h2# 

100# 

11. *15 

.*111 

17.586 

5.397 

23.393 

18# 

73* 

100* 

74# 

TABLE  74.  MAXIMUM  MEASURED  METAL  TEMPERATURES  AND 

COMBUSTION  SYSTEM  PRESSURE  DROPS  FROM  BASELINE 


AND  LOW-EMISSIONS  MODIFIED 
USING  TEST  RIG  DATA 

CONVENTIONAL  LINERS 

Maximum  Metal  Temperature. “F 

Pressure 

Drop.  £aP/P 

Combustion  Liner 

75$  Power 

100$  Power 

7 556  Power 

10056  Power 

Acceptable  Maximum 

— 

1700. 

— 

5.00 

Baseline  250-C20B 

1315. 

1505. 

3.72 

3.81 

Modified  Conventional 

1.  EX-114013 

1102. 

1296. 

4.89 

4.40 

2.  EX- 114769 

931. 

— 

4.83 

— 

3.  EX-114769A 

910. 

1015. 

5.08 

5.15 

4.  EX-114770 

1146. 

— 

6.01 

— 

5.  EX- 115257 

1291. 

1429. 

3.43 

3.54 

6.  EX- 115860 

1085. 

1279. 

4.17 

4.04 

7.  EX- 115887 

1190. 

1336. 

5.66 

4.62 

8.  EX- 11 5895 

1262. 

1419. 

5.50 

5.39 

9.  EX- 116289 

1267. 

1270. 

5.87 

4.82 

10.  EX-llb292 

1128. 

1283. 

5.30 

5.00 

Figure  112.  Modified  Conventional  Liner  No.  10  Metal 

Temperature  Pattern  at  100%  Power,  External 
300°-60°  Rotation— High  Power  Setting. 


Figure  113.  Modified  Conventional  Liner  No.  10  Metal 

Temperature  Pattern  at  100%  Power,  External 
60°-180°  Rotation— High  Power  Setting. 
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Figure  114.  Modified  Conventional  Liner  No.  10  Metal 

Temperature  Pattern  at  100%  Power  External 
90°-210°  Rotation — High  Power  Setting. 


Figure  115.  Modified  Conventional  Liner  No.  10  Metal 

Temperature  Pattern  at  100%  Power  External 
0°-180°  Rotation — Low  Power  Setting. 
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OPERATIONAL  CONDITIONS  WHERE  MODIFIED 
CONVENTIONAL  LINER  NO.  10  ACHIEVED 
SUCCESSFUL  STARTS. 


TABLE  75 


Airflow 
( lb/sec ) 

Inlet 
Press . 
(psia) 

Inlet 

Temp. 

(°P) 

Press . 
Drop 
(%) 

Fuel 

Pilot 

(lb/hr) 

Flow 
Main 
( lb/hr) 

Outlet 

Temp. 

(°F) 

.500 

14.72 

47. 

2.01 

25.3 

- 

468. 

.691 

15.10 

43. 

3-69 

34.5 

- 

555. 

.229 

5.38 

40. 

3.25 

20.6 

- 

503. 

-d 
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High  Power  Setting 


Figure  117.  Modified  Conventional  Liner  No.  11  External 

Views. 
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Figure  118.  Modified  Conventional  Liner  No.  11  Internal 
View. 
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Aact angular  holas  hava  0.41  Inch  radlua  cornara 


ENG  INK  TESTING 


Following  the  development  of  acceptable  configurations  of  the  prechamber 
and  modified  conventional  combustors,  new  combustor  hardware  was  fabri- 
cated for  the  testing  of  these  combustors  on  a Model  250-C20B  turboshaft 
engine.  The  production  combustor  system  was  tested  on  a Model  250- 
C20B  engine  to  document  baseline  exhaust  emissions,  performance,  and 
combustor  exit  temperature  profile,  both  before  and  after  low-emission 
combustor  engine  testing. 

Each  low-emission  combustor  was  engine  tested  for  combustor  exit  temp- 
erature profile,  and  the  dilution  holes  were  adjusted  as  necessary  until  an 
acceptable  profile  was  achieved.  Each  combustor  was  then  tested  for  ex- 
haust emissions  and  performance.  The  prechamber  combustor  was  further 
engine  tested  over  a forty-hour  cyclic  durability  profile  to  assess  life 
potential,  and  a series  of  exhaust  emissions  measurements  were  taken 
when  the  engine  was  operated  on  fuels  other  than  JP-4  reference:  JP-4 
regular,  JP-5  regular,  and  a research  quantity  of  oil  shale  fuel  refined 
toward  a JP-5/Jet-A  specification. 

After  the  testing  was  completed,  analyses  were  performed  to  assess  com- 
bustor rig  to  engine  correlation  and  the  effects  on  engine  performance  of 
the  low -emission  combustors  relative  to  the  baseline  engine  performance. 

The  work  performed  in  each  of  these  areas  is  discussed  in  the  following 
sections. 

EXPERIMENTAL  SYSTEM 


Two  dynamometer  test  facilities  were  used  to  conduct  the  various  tests  on 
the  Model  250-C20B  engine  used  in  this  program.  These  two  test  stands, 
TC140  and  TC142,  are  located  in  DDA  Plant  No.  5,  Indianapolis,  Indiana. 
Both  stands  shared  the  same  control  room  and  were  operated  by  the  same 
crews,  but  each  stand  incorporated  different  equipment  to  efficiently  con- 
duct different  types  of  engine  tests.  Test  Cell  142  was  served  by  equip- 
ment to  condition  the  air  to  allow  the  inlet  temperature  and  pressure  to 
be  accurately  controlled  for  performance  evaluation  under  consistent  test 
conditions.  Engines  are  connected  to  high-speed,  eddy-current  brakes, 
each  having  a maximum  load  absorption  of  1000  hp,  or  746  kw.  This  test 
stand  was  used  to  test  engine  performance,  to  document  combustor  exhaust 
temperatures  and  to  measure  engine  exhaust  emissions. 


Figure  119.  Automatically  Controlled  Endurance  System,  Version  VI, 
(ACES  VI)  Equipment  Used  During  Prechamber  Durability 
Engine  Test. 


Test  Cell  140  was  not  served  by  conditioned  air  and  thus  could  only  be  uti- 
lized when  ambient  inlet  conditions  were  permissible.  Because  of  this 
lack  of  inlet  conditioning  and  because  this  test  stand  incorporated  an  Auto- 
matically Controlled  Endurance  System,  Version  VI  (ACES-Vl)  which 
permitted  unmanned,  preprogrammed  endurance  testing,  Test  Cell  140 
was  used  for  the  durability  engine  testing  of  the  prechamber  combustor. 
This  control  system,  along  with  the  equipment  to  simulate  environmental 
vibration  parameters,  is  shown  in  Figure  119. 


I 1 HI  Hi  I 
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Combustion  exit  temperatures  were  recorded  with  the  thermocouple  instru- 
mentation ring  shown  in  Figure  120.  This  instrumentation  ring  contains 
forty-eight,  closed-tip  chromel-alumel  thermocouples  equally  spaced 
around  the  exhaust  annulus  of  the  liner.  Sixteen  thermocouples  were  set 
at  each  of  three  depths  across  the  annulus,  corresponding  to  the  centers 
of  three  equal-area  annuli.  Also,  at  the  top  and  bottom  of  the  annulus 
were  total  pressure  probes  to  measure  combustor  outlet  pressure.  The 
circular  spaces  on  each  side  of  the  instrumentation  ring  are  clearances 
for  the  two  engine  air  tubes  which  carry  the  compressor  discharge  air  to 
the  combustor. 


Figure  120.  Engine  Instrumentation  Ring  Used  to  Measure 
Combustor  Exhaust  Performance. 
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Engine  exhaust  emissions  were  sampled  at  both  exhaust  diffuser  exits  with 
a cruciform  averaging  probe  conforming  to  Section  87.63  of  the  EPA 
Emissions  Standards  and  Test  Procedures  of  Aircraft.  Gas  samples  from 
the  exhaust  probes  were  connected  to  a common  sample  line,  maintained 
at  1 50°C,  which  transported  the  gas  sample  to  the  portable  emissions 
analysis  equipment.  The  emissions  equipment  shown  in  Figure  121  mea- 
sures carbon  monoxide  (CO),  total  oxides  of  nitrogen  (NOx),  total  unburned 
hydrocarbons  as  methane  (CHX),  carbon  dioxide  (CCL),  oxygen  (O2).  and 
smoke.  The  particular  emissions  instruments  are  identified  in  Table  77. 
Concentrations  of  all  exhaust  constituents  from  the  engine  were  measured 
and  reported  on  a wet  basis.  A schematic  diagram  of  the  gas  sample 
instrumentation  system  arrangement  is  shown  in  Figure  122. 


TABLE  77. 

EMISSIONS 

INSTRUMENTS  USED 

IN  ENGINE  TESTING 

Emission 

Method 

Instrument 

Ranges 

Accuracy 

Oxides  of  nitrogen 
(NO*) 

Chemiluminescence  Thermo  electron 
(Model  10A  with 
converter) 

0-2.  5,  0-10.  0-250 
and  0-1000  ppm 

± 1%  F.S. 

Carbon  monoxide 
+ Water  vapor 

Nondispersive 

infrared 

Beckman  (Model  865) 

(C)  0-100,  0-500 
0-2500  ppm 
(tho)  0-5% 

± 2% 

Carbon  dioxide 

<co2) 

Nondispersive 

infrared 

Beckman  (Model  864) 

0-5% 

± 1% 

Unburned 

hydrocarbons 

<HCX) 

Flame  ionization 
detector 

Beckman  (Model  402) 

0-10.  0-50.  0-100. 
0-1000  ppm 

± 1% 

BASELINE  COMBUSTOR 


Installation  of  the  Model  250-C20B  engine  was  accomplished  in  Test  Cell 
142  at  DDA  Plant  5.  The  serial  number  of  this  engine  was  S/N  821233. 

A gas  flow  diagram  of  a Model  250-C20B  engine  is  presented  in  Figure  123 
and  identifies  the  measurement  stations  used.  Combustor  inlet  conditions 
are  identified  as  station  3 (compressor  discharge),  although  one  thermo- 
couple and  one  pressure  probe  were  installed  through  the  dome  of  the  com- 
bustor outer  case.  During  engine  performance  and  emissions  measure- 
ments, there  was  no  instrumentation  at  the  combustor  exit  or  station  4 
(gas  producer  turbine  inlet).  For  combustor  exit  temperature  and  pres- 
sure measurements,  the  instrumentation  ring,  shown  in  Figure  120, 
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Measure  Engine  Emissions. 


/ Healed  to  C 


Figure  122.  Emissions  Instrument  System  Schematic. 


and  previously  described  was  installed.  Engine  power  was  set  by  monitor- 
ing four  equally  spaced  station  5 thermocouples  between  the  two  turbines. 
These  were  permanently  mounted  thermocouples  which  were  installed  in 
every  engine  and  were  used  by  the  fuel  control  system. 

Performance 

Engine  performance  measurements  are  shown  in  Table  78  as  corrected  to 
standard  day.  Due  to  a malfunction  with  the  combustor  inlet  temperature 
thermocouple,  no  T3  temperatures  were  recorded.  However,  the  remain- 
ing performance  parameters  were  satisfactory. 

The  performance  of  the  engine  was  satisfactory  and  representative  of  the 
Model  250-C20B  engine.  The  engine  was  operated  at  the  LOH  duty  cycle 
operating  conditions  to  document  the  engine's  operation  prior  to  any  fur- 
ther baseline  or  low  emissions  testing. 

Eight  data  points  were  taken  at  power  levels  corresponding  to  ground  and 
operational  idle,  25,  40,  55,  75,  and  1 00%  shaft  output  horsepowe r.  The 
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1.  Engine  Inlet 

2.  Fifth -Stage  Acceleration 

Bleed  Port 

3.  Compressor  Discharge 


4.  Gas  Producer  Turbine  Inlet 

5.  Gas  Producer  Turbine  Outlet 

6.  Power  Turbine  Discharge 

7.  Engine  Outlet 


Figure  123.  Model  250-C20B  Engine  Gas  Flow  Diagram. 

75%  power  point  was  measured  twice,  once  at  the  beginning  of  the  test  and 
once  at  the  end.  Engine  operating  conditions  corrected  to  standard  day 
are  recorded  in  Table  79  and  show  that  the  desired  power  levels  were 
adequately  achieved  within  a few  percent.  The  individual  parameters 
duplicated  well  with  the  performance  calibration.  To  set  the  engine  oper- 
ating point,  the  four  gas  producer  turbine -cutlet  temperature  thermo- 
couples are  averaged,  and  this  indicated  temperature  can  be  repeated 
within  a few  degrees  to  repeat  any  operating  condition. 

Exhaust  Temperature  Profiles 

The  gas  producer  turbine -inlet  instrumentation  ring  was  installed  on  the 
baseline  engine  to  document  the  baseline  combustor  exhaust -temperature 
pattern.  Due  to  the  blockage  of  this  instrumentation  (48  thermocouple 
probes  and  2 pressure  probes)  takeoff  horsepower  could  not  be  achieved, 
but  combustor  conditions  at  takeoff  were  repeated.  Engine  operating 
conditions  for  the  four  data  points  measured  are  shown  in  Table  80.  In 
this  test,  ground  idle,  40,  75,  and  100%  power  points  were  recorded. 

The  individual  thermocouple  temperatures  (uncorrected)  are  recorded  in 
Figures  124  through  127.  For  each  power  condition,  the  Tmax/Ta 
temperature  ratio  was  approximately  1.11,  and  the  pattern  factors  ranged 
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BASELINE  COMBUSTOR  STSTEM  OPERATING  A T IS  POWER  TURBINE  TEMPERATURE 
TEST  DATE  ■ 10-11-7*  READING  NUMBER  s 202  INLET  TEMP  = 2*3. 

ENGINE  number /NAME  S CAE  021233  / MODEL  2B0-C20B  ENGINE  TOT  s 003. 

OUTER  CASE  NUMBER/NANE  * EX-115203  / INSTRU"ENTEO  PROO. 

LINER  NUMBER /NAME  = 0071*06  / PRODUCTION  BASELINE 


AVERAGE  TEMPERATURE 
maximum  temperature 
IAVG-InlETI  temp 
I MAX- A VG I temp 

MAX  TEPP/AVG  TEMP 
(MAX-AvgI/UVG-INI 
I AV6-AVG  TOTAL  I 

i tip-hub i avg  temp 

IAV6  TOTAL-TOTI 


HUB 

MIO 

11*2.7 

1100.9 

1235.0 

1200.0 

09*. 7 

923.9 

92.3 

113.1 

1.0000 

1.0969 

0.1026 

0.122* 

-16.0 

0,3 

TIP 

TOTAL 

1103. S 

1150.6 

1293.0 

1295.0 

922.3 

915.6 

129.7 

136.* 

1.1113 

1.1177 

0.1*06 

0.1*09 

6.7 

22.6 

273.6 

Figure  124.  Baseline  Liner  Exhaust  Temperatures  on  Engine 
at  Ground  Idle. 
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baseline  combustor  system 

1 OPERATING 

AT 

40*  POWER  TURBINE 

temperature 

test  DATE  3 10-11-74 

READIN6  NUMBER  3 203 

INLET  TEMP 

= 447. 

engine  number/name 

s 

CAE  021233 

✓ 

MODEL  2S0-C20B 

ENGINE  TOT 

c 1120. 

OUTER  CASE  NUMBER/NAME 

s 

EX-113203 

/ 

INSTRUMENTEO  PROO. 

LINER  NUMBER/NAME 

= 

6671466 

/ 

PRODUCTION  BASELINE 

• * i 

* * 

• ANNULUS* 

• * * * 

HUB 

MID 

TIP 

TOTAL 

average  temperature 

1320.7 

1362.0 

1360.4 

1353.0 

maximum  TEMPERATURE 

1603.0 

1663.0 

1725.0 

1725.0 

IAV6-INLETI  TEMP 

1001.7 

1113.6 

1121.4 

1106.0 

(MAX-AvG)  temp 

136.3 

102.2 

156.6 

171.2 

MAX  TEMP/AVC  TEMP 

1.1023 

1.0634 

1.0990 

1.1102 

IMAX-AVG)/(«VG-IN> 

0 • 1663 

0.0916 

0.1396 

0.1346 

(AVG-AVG  TOTAL  1 

-25.2 

9.0 

14.6 

I TIP-HUB I AVG  TEMP 

39.0 

1 AVG  TOTAL-TOT) 

433.0 

Figure  125.  Baseline  Liner  Exhaust  Temperatures  on  Engine 
at  40%  Power. 
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baseline  combustor  system 

1 OPERATING 

AT 

79S  POWER  TURBINE 

temperature 

test  DATE  * io-n-74 

Reading  number  « *o<* 

INLET  TEMP 

» 529. 

engine  number/name  = 

CAE  821233 

/ 

MODEL  290-C20B 

ENGINE  TOT 

• 1330. 

OUTER  CASE  NUMBER/NAME  s 

EX-115289 

/ 

INSTRUMENTED  PROO. 

LINER  NUHBrR/NAHE  - 

6871486 

/ 

PRODUCTION  BASELINE 

• • * 

« * 

• ANNULUS* 

* • • • 

HUB 

HID 

TIP 

TOTAL 

AVERAGE  TEMPERATURE 

1749.3 

1823.7 

1865. 6 

1814.3 

maxihum  TEMPERATURE 

1880.0 

1930.0 

2010.0 

2010.0 

IAVG-InlET)  TEMP 

1220.3 

1294.7 

1336.  G 

1285.3 

(HAX-AV6)  TEMP 

130.7 

106.2 

144.4 

195.7 

MAX  TEMP/AV6  TEMP 

1.0T47 

1.0583 

1.0774 

1.1079 

»hax-avg>/iavg-in) 

0.1071 

0.0821 

0.1080 

0.1523 

•AV6-AVG  TOTAU 

-64.9 

9.5 

51.4 

C TIP-HUB)  AVS  TEMP 

116.3 

( AVG  TOTAL-TOT) 

484.3 

Figure  126.  Baseline  Liner  Exhaust  Temperatures  on  Engine 
at  75%  Power. 
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baseline  combustor  system 

1 OPERATING 

AT 

100*  POWER  TURBINE 

temperature 

test  DATE  = 10-11-74 

READIN6  NUMBER  = 205 

INLET  TEMP 

= 564 . 

ENGINE  NUMBER/NAME 

S 

CAE  621233 

/ 

MODEL  290-C20B 

ENGINE  TOT 

= 1455. 

OUTER  CASE  NUMBER/NAME 

a 

EX-119263 

/ 

instrumented  proo. 

LINER  NUHBFR/NAHE 

s 

6671466 

/ 

PRODUCTION  BASELINE 

• * < 

k * 

• ANNULUS*" 

k • • • 

HUB 

MID 

TIP 

TOTAL 

AVERAGE  TEMPERATURE 

1869.3 

1976.2 

2010.7 

1963.0 

MAXIMUM  TEMPERATURE 

2010.0 

2069.0 

2190.0 

2150.0 

<avg-inlet>  TEMP 

1329.3 

1412.2 

1454.7 

1399.0 

(MAX-AV6)  TEMP 

120.7 

106.7 

131.2 

167.0 

MAX  TEMP/AV6  TEMP 

1.0639 

1.0550 

1.0650 

1.0953 

(MAX-AvG>/< avg-ini 

0.0910 

0.0770 

0.0902 

0.1337 

( AVS-AV6  TOTAL) 

-73.6 

13.3 

55.8 

«TIP-HUB>  AVS  TEMP  129. A 

<AV«  TOTAL-TOT)  906.0 


Figure  127.  Baseline  Liner  Exhaust  Temperatures  on  Engine 
at  100%  Power. 
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from  . 15  to  . 13  across  the  power  range.  The  temperature  pattern  was 
roughly  symmetric  about  a line  passing  through  2 and  8 o'clock  positions 
looking  downstream.  The  temperatures  at  the  2 o'clock  positions  were  the 
coldest,  with  temperatures  increasing  around  the  annulus  to  the  hottest 
temperatures  at  the  8 o'clock  position.  Comparison  of  engine  and  com- 
bustor rig  exhaust  pattern  parameters  at  100%  power  were  1.095  for  the 
engine  and  1.  106  for  the  rig  for  Tmax/Tavg,  and  0. 134  engine  and  0. 148 
for  the  rig  for  the  pattern  factor. 

Liner  metal  temperatures  were  monitored  for  all  of  the  data  points  re- 
corded. These  temperatures  are  plotted  in  Figure  128  for  the  five  thermo- 
couples attached  to  the  liner  in  the  same  pattern  as  on  the  combustor  rig 
test.  Maximum  temperatures  were  approximately  1500°F  at  the  8 o'clock 
circumferential  position  (240°)  of  the  dilution  hole  plane. 

In  addition  to  the  liner  thermocouples,  a liner  thermal  paint  run  at  take- 
off was  performed.  Photographs  of  the  liner  exterior  are  presented  in 
Figures  129,  130,  and  131,  and  an  interior  view  of  the  thermal  pattern  in 
Figure  132.  The  highest  temperature  zones,  just  aft  of  each  dilution 
hole,  are  represented  in  the  color  band  of  temperatures  indicating  1400° 
to  1706°F.  Two  of  the  liner  metal  thermocouples  were  in  these  zones  and 
indicated  temperatures  of  1440°F  and  1480°F  at  takeoff  conditions. 

Exhaust  Emissions 

The  baseline  combustor  exhaust -emissions  testing  was  accomplished  by 
making  two  separate  steady-state  measurement  runs  with  emissions  re- 
corded at  the  seven  operating  conditions  used  for  the  LOH  duty  cycle 
analysis:  ground  idle  (5  hp),  operational  idle  (25  hp),  25,  40,  55,  75,  and 
100%  power.  Data  were  recorded  in  both  ascending  and  descending  power 
sequences,  producing  a total  of  twenty-six  data  points.  A summary  of  the 
baseline  combustor  emissions  data  is  presented  in  Table  81.  Plots  of  CO, 
CHX,  NO  , and  smoke  number  as  functions  of  output  horsepower  are  pre- 
sented inrigures  133  to  136.  A plot  of  chemical  versus  mechanical  fuel- 
air  ratios  is  presented  in  Figure  137,  which  shows  that  the  chemical  fuel- 
air  ratios  were  higher  by  an  average  of  only  1. 1%  and,  for  the  entire  data 
set,  varied  from  -5.  92%  to  +6.  72%  about  the  corresponding  mechanical 
values. 

Figures  138  to  141  show  shaft  horsepower,  CO2,  combustion  efficiency, 
and  fuel  flow  rate  as  functions  of  the  chemical  fuel-air  ratio.  These  four 
curves,  along  with  parts  per  million  concentrations  of  CO,  CHX,  and  NOx 
versus  chemical  fuel-air  ratio,  were  used  to  compute  the  emission  index 
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Figure  128.  Baseline  Liner  Metal  Temperatures  from  Engine  Test. 
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Figure  130.  Baseline  Liner  Metal  Temperature  Pattern  from  Engine 
Test  at  100%  Power,  External  l50°-270°  Rotation. 


Figure  131.  Baseline  Liner  Metal  Temperature  Pattern  from  Engine 
Test  at  100%  Power,  External  30°-150°  Rotation. 
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Figure  132.  Baseline  Liner  Metal  Temperature  Pattern  from  Engine 
Test  at  100%  Power,  Internal. 
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TABLE  81.  BASELINE  LINER,  JP-4  REFERENCE  FUEL,  INITIAL  ENGINE 
TEST  SERIES  DATA. 
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Emission  Index  CO- 


Output  Power— % 


Figure  133.  Baseline  Liner  Initial  Engine  Carbon  Monoxide  Emissions. 
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Emission  Index  CH  — g CH  A<g  Fuel 


Figure  134.  Baseline  Liner  Initial  Engine  Unburned  Hydrocarbon 
Emissions. 
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Figure  135.  Baseline  Liner  Initial  Engine  Total  Nitrogen 
Oxide  Emissions. 
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SAE  Smoke 


Figure  136.  Baseline  Liner  Initial  Engine  Smoke. 
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Chemical  Fuel /Air  Ratio 


Figure  137.  Baseline  Liner  Initial  Engine  Mechanical  and 
Chemical  Fuel-to-Air  Ratios. 
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Figure  138.  Baseline  Liner  Initial  Engine  Shaft  Horsepower 
at  Chemical  Fuel-to-Air  Ratios. 
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Figure  139.  Baseline  Liner  Initial  Engine  Carbon  Dioxide 
at  Chemical  Fuel-to-Air  Ratios. 
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Figure  141.  Baseline  Liner  Initial  Engine  Fuel  Flow  Rates 
at  Chemical  Fuel-to-Air  Ratios. 


267 


curves  presented  above.  The  reason  for  this  approach  was  the  assump- 
tion that  major  sampling  errors  in  the  exhaust  could  be  caused  by  the  un- 
even distribution  of  combustor  inlet  air  (through  dilution  holes)  and  pri- 
mary zone  combustion  products.  Gas  samples  in  the  exhaust  that  have 
high  concentrations  of  pollutants  and  CO2  will  compute  high  chemical  fuel- 
air  ratios,  which  will  tend  to  cancel  out  the  effect  of  the  sampling  errors 
for  the  emission  index. 

Average  emissions  concentrations  from  the  data  set  were  selected  at  the 
chemical  fuel-air  ratios  corresponding  to  the  LOH  duty  cycle  shaft  horse- 
power levels.  From  these  concentrations,  emission  index  values  were 
computed  and  time -weight  averaged  over  the  LOH  duty  cycle  (Table  82). 

Recalibration  Data  Analysis 

For  the  final  engine  test  in  the  program,  after  all  of  the  low  emissions 
combustor  testing  had  been  performed,  the  engine  was  returned  to  its 
baseline  configuration  using  the  same  combustor  components  which  were 
used  in  the  initial  performance  documentation  testing.  In  this  configura- 
tion, the  engine  was  operated  from  idle  to  full  power  to  recalibrate  both 
engine  performance  and  exhaust  emission  performance.  The  comparison 
of  the  initial  and  final  engine  run  fuel  analyses  can  be  seen  in  Table  83. 

The  final  fuel  sample  was  more  volatile,  had  a lower  smoke  point  and 
higher  aromatics.  Test  data  from  the  recalibration  run  are  presented  in 
Table  84.  The  comparison  of  fuel-air  ratios  (chemical  to  mechanical)  is 
shown  in  Table  85  and  gave  an  average  ratio  of  fuel-air  ratios  of  +4.  5% 
chemical.  This  compares  to  +1.  1%  chemical  oversampling  in  the  original 
baseline  test.  Effectively  all  conditions  showed  higher  chemical  fuel-air 
ratio  than  mechanical. 

The  output  power  is  plotted  against  the  fuel-air  ratio  in  Figures  142  to 
144,  showing  almost  no  change  beyond  the  shift  of  chemical  fuel-air  ratio 
values.  Figure  145  shows  the  plot  of  the  chemical  fuel-air  ratio  against 
the  mechanical  fuel-air  ratio.  These  curves  were  also  very  similar,  with 
the  shift  occurring  in  the  chemical  fuel-air  ratio.  Combustion  efficiencies 
are  plotted  in  Figure  146,  showing  that  the  efficiency  had  decreased  be- 
tween the  initial  run  and  the  final  run.  Emission  index  plots  for  hydro- 
carbon, carbon  monoxide,  and  nitrogen  oxides  are  plotted  against  percent 
output  power  in  Figures  147  through  149.  Unburned  hydrocarbons  and 
nitrogen  oxides  showed  no  detectable  change,  but  carbon  monoxide  emis- 
sions increased  in  the  final  run,  thus  explaining  the  drop  in  combustion 
efficiency.  Exhaust  smoke  also  increased  about  five  smoke  numbers  in 
all  conditions,  probably  due  to  the  higher  aromatics  and  lower  smoke  point 
noted  in  the  fuel  sample  analysis. 


PERCENT  OF  BASElINE  100.00  100.00  100.00  100.00  100.00 


TABLE  83.  FUEL  SAMPLE  PROPERTIES  FOR  JP-4 
MIL-T-5161G  (GRADE  I). 

REFERENCE  FUEL 

Parameter 

Sample  Results 

Specification 

Initial 

Final 

Distillation 

I.B.P.,  °F 

140 

168 

9%  recovered , °F 

208 

202 

10% 

226 

211 

20% 

246 

223 

30% 

265 

238 

^0% 

283 

254 

30% 

305 

274 

60% 

333 

298 

70% 

365 

325 

80% 

396 

355 

90% 

431 

398 

93% 

454 

454 

End  Point,  °F 

471 

489 

450  max 

Recovered,  % 

98.3 

98.0 

Residue,  % 

1.2 

1.0 

1.5  max 

Loss,  % 

0.5 

1.0 

1.5  max 

10%  evap. , °F 

224 

209 

200  max 

20% 

245 

222 

180-230 

90% 

304 

272 

230-275 

90% 

429 

394 

325-370 

Gravity,  °API 

54.2 

52.1 

50.0-57.0 

Aniline  Point,  °F 

136.8 

108.7 

Aniline-Gravity  Product 

7415 

5663 

Net  Heat  of  Combustion 

18.758 

18.557 

18 . 400-18 . 750 

i BTU/lb  (Calculated) 

Reid  vapor  Pressure,  psl 

2.0 

2.0 

2. 0-3.0 

Smoke  Point,  mm 

25.5 

22.0 

Flash  Point,  °F 

Corrosion,  Copper  Strip 

la 

la 

lb  max 

Sulf A*,  % by  wt . 

0.02 

0.12 

0.15-0.40 

Hydrogen,  % by  wt. 

14.643 

13.988 

H/C  Atom  Ratio 

2.044 

1.938 

Aromatics,  % by  vol. 

14.0 

22.5 

10.0-25.0 

Olefins,  % by  vol. 

1.4 

5 . 0 max 

270 


TABLE  85.  BASELINE  ENGINE  RECALIBRATION, 
FUEL-AIR  RATIO  COMPARISON  USING 
JP-4  REFERENCE  FUEL 


RATIO  OF  F/A  C/M  AVG 
SIGMA 

1 SIGMA  RANGE 

2 SIGMA  RANGE 

3 SIGMA  RANGE 

RDG  NO  FAC/FAM 


1.046 

0.037 

1.009  1.083 
0.972  1.120 
0.935  1.156 


0.9917 

0.9964 

1.0160 

1.0182 

1.0258 

1.0270 

1.0434 

1.0529 

1.0549 

1.0805 

1.0898 

1.0906 

1.1049 


CHEMICAL  PROPERTIES  OF  ThE  FUEL  USED 


Cl  MOL  WT 
13.964317 


M/C 

1.937816 


HC 

18521. 


Exhaust  emissions  from  each  engine  run  were  time-weight  averaged  over 
the  LOH  duty  cycle.  These  results  are  shown  in  Table  86,  where  the  per- 
centages are  based  upon  the  total  cycle  emissions  values  from  the  initial 
engine  test.  Emissions  from  the  final  baseline  run  were  15.6%  higher  in 
total  emissions,  which  is  a result  of  the  combustor  producing  higher  CO 
and  CHx  with  only  a slight  decrease  in  NOx- 
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Figure  142.  Baseline  Liner  Initial  and  Final  Engine  Shaft  Horsepowers 
at  Mechanical  Fuel-to-Air  Ratios. 
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Figure  143.  Baseline  Liner  Initial  and  Final  Engine  Shaft  Horsepowers 
at  Chemical  Fuel-to-Air  Ratios. 
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Figure  144.  Baseline  Liner  Initial  and  Final  Engine  Shaft  Horsepowers 
at  Chemical  Fuel-to-Air  Ratios. 
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Chemical  Fuel/Air  Ratio 
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Figure  145.  Baseline  Liner 

and  Chemical  Fuel- 


0.022 


0.012  0.014 

Mechanical 


0.010 
0.010 
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Figure  146.  Baseline  Liner  Initial  and  Final  Engine  Combustion 
Efficiency  at  Chemical  Fuel-to-Air  Ratios. 
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Emission  Index  CHx-g  CHxfcg  Fuel 


Figure  147.  Baseline  Liner  Initial  and  Final  Engine  Unburned 
Hydrocarbon  Emissions. 
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Figure  148.  Baseline  Liner  Initial  and  Final  Engine  Carbon 
Monoxide  Emissions. 
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Figure  149.  Baseline  Liner  Initial  and  Final  Engine  Total 
Nitrogen  Oxide  Emissions. 


280 


TABLE  86.  TIME-WEIGHT 

-AVERAGED  LOH 

DUTY  CYCLE  EMISSIONS 

FROM  ENGINE 

TEST 

OF  BASELINE  LINER 

BASELINE  LINER,  6871486.  JP-4 

REFERENCE  FUEL, 

APRIL  ENGINE 

TEST  SERIES  DATA 

rdg  no  t/t  total 

UF 

El  CHX 

EI  CO 

EI  NOX  EI  TOTAL 

SHORE  NO 

1 1,  0.00 

70.00 

17.354 

92.163 

2.250 

111.767 

6.80 

6.  0.15 

78.00 

12.110 

78.205 

2.359 

92.674 

9.80 

25.  0.00 

118.00 

3.535 

41.387 

2.996 

47.91fl 

20.50 

40.  0.15 

143.00 

1.959 

24.852 

3.605 

30.416 

28.40 

55.  0.45 

170.00 

1.411 

17.058 

4.514 

22.984 

34.50 

75.  0.20 

209.00 

1.008 

9.337 

4.952 

15.297 

39.20 

100.  0.05 

262.00 

1.080 

5.522 

5.782 

12.384 

42.10 

CYCLE  TOTALS 

164.55 

2.114 

19.542 

4.454 

26.111 

42.10 

percent  of  baseline 

100.00 

100.00 

100.00 

100.00 

100.  oc 

BASELINE  LINER,  6871486,  JP-4 

REFERENCE  FUEL, 

JULY  ENGINE 

TEST  SERIES  DATA 

. rog  no  t/t  total 

WF 

El  CHX 

EI  CO 

EI  NOX  EI  TOTAL 

SHORE  NO 

1.  0.00 

65.90 

18.717 

145.267 

2.320 

166.304 

11.00 

6.  0.15 

69.00 

17.713 

111.199 

2.405 

131.317 

13.50 

25.  0.00 

113.00 

3.621 

47.429 

3.184 

54.234 

27.00 

40.  0.15 

139.00 

1.931 

29.907 

3.815 

35.655 

33.80 

! 55.  0.45 

166.00 

1.497 

19.305 

4.273 

25.075 

38.50 

75.  0.20 

204.00 

1.138 

10.745 

4.942 

16.825 

42.80 

100.  0.05 

259.00 

0.849 

5.391 

5.977 

12.217 

46.10 

cycle  totals 

159.65 

2.461 

23.331 

4.401 

30.193 

46.10 

percent  of  BASELINE 

97.02 

116.37 

119.39 

98.81 

115.63 

The  performance  of  the  engine  was  quite  consistent  between  the  initial  and 
final  rims  considering  that  the  engine  underwent  112:44  hours  of  baseline 
and  low  emissions  combustion  testing. 

PRECHAMBER  COMBUSTOR 


The  low- emission  prechamber  combustion  system  delivered  to  the  Model 
250-C20B  engine  for  engine  testing  is  detailed  in  Table  87.  This  pre- 
chamber liner.  No.  13,  was  the  final  development  combustor  liner  tested 
on  the  combustor  rig.  The  combustor  outer  case,  liner,  igniter,  fuel 
nozzle,  and  the  assembly  are  shown  in  Figures  150  through  155. 
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TABLE  87.  LOW- EMISSIONS  PRECHAMBER  COMBUSTORS  PARTS 
LIST  FOR  ENGINE  TESTING 

Part  Name 

Part  Number 

Outer  Case 

EX-114012 

Liner 

EX-116291 

Igniter 

EX-115299 

Fuel  System 
Nozzle 

Pressure  Relief  Valve 

EX-115870C 

SS-4CPA2-50 

Figure  1C  1.  Prechamber  Liner  No.  13  (EX- 116291). 


Exhaust  Temperature  Profile 

The  first  engine  testing  of  the  prechamber  combustor  system  was  a rou- 
tine shakedown  run  followed  by  a combustor  exhaust  temperature  profile 
run  using  the  engine  thermocouple  instrumentation  ring  shown  in  Figure 
120.  The  poor  temperature  profile  measured  from  liner  No.  13  led  to  a 
series  of  four  more  liner  configurations  before  the  next  phase  of  the  test- 
ing could  be  initiated.  Changes  to  the  prechamber  liners  were  restricted 
to  the  dilution  zone  hole  patterns.  Also,  to  conserve  instrumentation  ring 
thermocouples,  the  maximum  temperature  of  an  individual  exhaust  ther- 
mocouple was  kept  below  2200 °F.  The  liner  individual  outlet  tempera- 
tures are  shown  in  Figures  156  through  160  for  approximately  75%- power 
conditions  for  each  of  the  liner  configurations.  The  annulus  heights  are 
not  to  scale  since  the  diameters  of  the  annulus  hub  and  tip  are  5.  14  inches 
and  6.  12  inches,  respectively,  so  that  the  height  is  approximately  . 50 
inch.  A summary  of  the  two  temperature- pattern  quality  parameters  is 
given  in  Table  88  for  each  liner  configuration  and  the  approximate  power 
levels  where  they  were  tested.  The  final  liner  configuration  used  for 
the  emissions  testing  was  prechamber  liner  No.  17.  The  pattern  factor 
values  in  Table  88  used  baseline  engine  values  for  the  combustor  inlet 
temperature.  T3  since  the  low-emission  liners  measured  this  tempera- 
ture with  a thermocouple  through  the  outer  case  dome. 
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Figure  152.  Prechamber  Spark  Igniter,  EX- 115299 


Figure  153.  Prechamber  Airblast  Fuel  Nozzle,  EX- 115870 


* i 

LOW-EMISSION  PRECHAMBER  COMBUSTOR  SYSTEM  OPERATING  AT  75*  POWER  TUR0INE  TEMP 
TEST  OATE  * 3-26-75  READING  NUMBER  = 212  INLET  TEMP  = 516. 

ENGINE  NUMBER/NAME  = CaE  621233  / MODEL  250-C20B  ENGINE  TOT  = 1325. 

OUTER  CASE  NUMBER/NAME  = EX-U*012  / EXTENDED  LENGTH 
LINER  NUMBER/NAME  = EX-116291  / PRECHAMBER 

• ••••ANNULUS***** 
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. *.70.0 

_ _ . . 
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*6*.l 

MAX  TEMP/AV6  TEMP 

1.1362 

1.26*0 

1.2255 

1.2599 

(MAX-Av6>/< AVG-IN) 

0.1952 

0.372* 

0.316* 

0.3661 

( AV6-AVG  TOTAL) 

•11.2 

-5.9 

17.* 

(TIP-HUB)  AVG  TEMP 

26.6 

( AV6  TOTAL-TOT) 

*60.9 

Figure  156.  Prechamber  Liner  No.  13  Exhaust  Temperatures 
at  75%  Engine  Power. 
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Figure  158.  Prechamber  Liner  No.  15  Exhaust  Temperatures 
at  75%  Engine  Power. 
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Figure  159.  Prechamber  Liner  No.  16  Exhaust  Temperatures 
at  75%  Engine  Power. 
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Figure  160.  Prechamber  Liner  No. 

at  75%  Engine  Power. 


17  Exhaust  Temperatures 
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TABLE  SI.  COMBUSTOR  OUTWT  TEMPI  RATURf  r«0HU  PAIANETfftS 
FOR  PRECHAMBER  UREAS  OPEIATJMC  |tt  MOW,  1M> 
C20B  IMCIRl 


■Vlff*.  kfau 


2tf  k« 


212- 


Zyii  !.!. 
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231ZX 


f.r , 


.23121.  ,12+ 


4 * • 

ax-tU9*t 

1.944 

. m 

1.994 

.11* 

1.94* 

.144 

ill 

IX- 11*44* 

1*144 

.919 

1.1*4 

.94* 

1.1*9 

.949 

lit 

IX-  11*441 
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1.99) 

.114 

lit 

■X- 1 1*444 

m 

m 

1.1*1 

.944 

1.14* 

.914 

Is* 

IX- 11*411 

m 

m 

1.1*4 

.941 

1.1*1 

.919 

At  this  location  Ih*  pr*th»mb«r  Tj  valor*  *»to  from  M to 

tSO*F  hifher  than  into  Tj  temperature  <htt  to  the  (oovrr lion  hewting  of 
the  Inlet  air  along  the  reaction  tone  outer  wall.  t*att*m  factor  valor*  on 
each  temperature  survey  plot  are  slightly  different  than  the  value*  m 
Table  M due  to  the  difference  between  the  engine  compm*or  dt*chsrt<- 
temperature.  T3.  and  the  burner  inlet  temperature,  BIT,  value*  mea- 
sured in  the  combustor  outer  case  dome, 

Kxhaust  Emission* 

Prechamber  combustor  liner  No.  I?  was  used  for  the  eshaust  emissions 
testing.  For  this  test,  the  engine  was  operated  with  the  same  fuel  a*  ws* 
used  for  the  baseline  emissions  testing.  MIL-T-5161  Grade  I IJP* 41. 

The  fuel  analysis  was  presented  earlier,  in  Table  83.  A twenty  sis  point 
data  set  of  exhaust  emissions  was  recorded  from  two  runs  of  LOff  duty 
cycle,  steady-state  operating  conditions  where  data  were  taken  in  both 
ascending  and  descending  power  sequence*.  A summary  of  the  data  is 
presented  in  Table  89.  For  all  of  these  emissions  tests,  the  prechamber 
fuel  injector.  EX-115870C,  was  operated  with  the  airblast  main  fuel  sys- 
tem only,  no  pilot  fuel  was  used  for  starting,  transients,  or  steady  state 
operation. 
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TABLE  B9.  PRECHAMBER  LINER  NO.  |7,  JP*4  REFERENCE  FUEL 
INITIAL  ENGINE  TEST  SERIES  DATA 
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KmUftton  index  versus  percent  output  i *a»*r  plot*  , ^ taring  pr«r>  hw»Mr 
»nd  b»«4uv«  combustor  perfonnwc*  *r«  ft**#*  «*  I tgurew  1*1  » -i^#'  >»> 
for  CO.  Clt«,  NO*.  and  Figure  IM  *h*n#  Pb*»  for  ****** 

number.  A comparison  of  chemical  ***i  mecl-siaral  fod  *»r  ra'tn*  »• 
in  hfurr  1*5  and  show*  that  the  chemically  ***»?*' "* 
higher  tittn  (he  mechanical  »»  ««ry  «*«•  1^"  w«^ k*«k*|  fuel  air  r*ud»* 

from  the  prechamber  were  nearly  idemtcal  to  <b*  fur  »**  t»#*dii.r 

liner  «r»t»-cf. 

fh«  horsepower  v«r*u#  hrl  wr  r»i» <t»nr«  la  I if****  >'<  *»* 

u*«4  to  «NUbUth  thr  proper  furl*air  rail®  » enrr«*i*«*<j  w ihr 

1,011  (htl>  cycle  operating  poiat*.  T*UMl  **»•••  ehrwFil  f**«T  *ir  ran1*** 
exhaust  concentration*  m4  wifW*  ft**l  rot**  for  !•<**<  *»’?  ' 

point  were  obtained  and  pollutant  *mia«ion  iwl*«  •**«  c 

Combustion  efflcieocl*#  *nd  fool  flow  rota#  ar«*  plotted  la  Figure*  l«<  •«<* 

tea. 

The  tiro*  ■ wright**!  toil  duty  cycle  emission*  from  «h#  pr«  Homte*r dinar 
nrr  given  in  Table  90  am)  show  that  the  totol  emission#  w*r*  reduced 
51.  |%  below  the  bos-line  l*wt«  The  level*  of  COi  Cll*.  *##Hic  »*rw 
oil  significantly  reduced.  but  XO*  emission*  t»rr##ei  •**>**  &•*•* 
Un*  NO*  levels.  Thl#  1*  approximately  th*  same  XO*  •I'ftl"  <d»*erT*d 
in  the  combustor  rig  testing. 

An  analysis  wo*  made  of  the  comparison  ratio  of  chemical  to  »• 

tod*  air  ratio*  for  the  pree bomber  combu«ior.  Th*#®  result*.  •*** 

those  for  the  baseline  combustor,  ore  presented  in  Table  91.  Tahl«  91 
summarizes  all  of  the  mechanical  fu*l-air  ratio*.  The  mer  Hattie  a 1 *vd- 
air  ratios  were  very  consistent  from  point  to  point  on  c*rb  Uner  and  be* 
tween  liners.  Chemical  fuel-air  ratios  varied  roor*  widely.  The  roim 
bers  in  Table  91  five  the  average  chemical* to* mechanical  ratio  of  fud* 
air  ratios,  the  1.  2.  and  3 sigma  ranges,  and  their  rank  In  ascending 
order  of  the  chemical  to  mechanical  ratio*.  The  baseline  liner  »e>  *r® 
agreement  was  within  *1.1%.  but  the  prrehamb-r  produced  chemical  fuel 
air  ratios  10.9%  higher  on  the  average  than  the  mechanically  derived 
values.  Other  than  some  inherent  exhaust  distribution  problem#  with  this 
liner,  no  reason  was  found  for  these  high  concentrations. 

Durability 

After  the  emissions  testing,  a durability  test  was  conducted  on  pre cham- 
ber liner  No.  17.  This  testing  consisted  of  twenty  2:06  hour  period*. 

Kach  2:06  hour  period  allowed  the  operation  of  the  engine  over  each  of  six 
durability  profiles.  Kach  set  of  six  profiles  was  followed  by  engine  shut- 
down periods  of  three  or  ten  minutes,  alternating  with  each  set. 
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figure  164.  Prechamber  and  Baseline  Engine  Exhaust  Smoke. 
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Figure  165.  Prechamber  Liner  Mechanical  and  Chemical  Fuel  to 
Air  Ratio  Comparison  from  Engine  Test. 
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Indicated  Shaft  Horsepower 


Figure  106.  Prechamber  Liner  Indicated  Shaft  Horsepower 
at  Chemical  Fuel-to-Air  Ratios. 
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Figure  168.  Prechamber  Liner  Fuel  Flow  Rates  at  Chemical 
Fuel -to -Air  Ratios. 
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TABLE  90.  TIME-WEIGHT- AVERAGED  LOH  DUTY  CYCLE  EMISSIONS 

COMPARISON  OF  BASELINE  AND  PRECHAMBER  COMBUSTORS 
OPERATING  ON  JP-4  REFERENCE  FUEL. 
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420  .0208  - .0205 


A summary  of  the  time  at  each  power  level  in  each  of  the  six  profiles  is 
given  in  Table  93.  Gasifier  turbine  outlet  temperature  (TOT)  versus  time 
curves  for  each  of  the  six  profiles  are  shown  in  Figures  169  through  174. 
Profile  l is  the  most  severe  profile,  having  a major  portion  of  the  time  at 
high -power  levels.  In  general,  each  successive  profile  has  less  time  at 
high  power  and  more  time  at  the  lower- power  levels. 

The  engine  with  the  prechamber  combustor  system  was  installed  in  test 
cell  140  for  the  durability  testing.  DIM's  Automatically  Controlled  En- 
durance  System.  Version  VI  (ACES- VI),  was  installed  In  the  test  cell 
control  room  and  set  up  to  operate  the  engine  during  the  durability  cycle. 
The  ACKS-VI  unit  was  shown  in  Figure  119. 

Photographs  of  the  combustor  liner  were  taken  at  the  conclusion  of  the 
durability  running.  These  photographs  are  presented  In  Figures  175  and 
176.  The  outer  combustion  case  showed  no  damage  from  the  42  hours  of 
cycle  running  other  than  the  cracking  of  an  inlet  air  instrumentation  boss, 
which  was  unreinforccd  when  welded  to  the  thin  sheet  material. 

The  combustor  liner, 'No.  17,  showed  some  thermal  distortion  in  the  area 
of  the  dilution  holes  where  there  was  little  effective  cooling.  All  air- film 
cooled  sections  of  the  liner  were  in  quite  good  condition.  Some  small 
amounts  of  carbon  buildup  did  occur  on  the  fuel  nozzle  faces  and  on  the 
liner  swirler  vane  trailing  edges.  Additional  carbon  was  found  on  the 
inner  surface  of  the  prechamber  cylinder.  There  was  no  noticeable  car- 
bon in  the  reaction,  intermediate,  or  dilution  zones.  In  general,  the  pre- 
chamber combustion  system  exhibited  no  significant  mechanical  deficien- 
cies during  the  durability  testing. 

The  airblast  fuel  injector  was  operated  on  the  secondary  (main)  airblast 
fuel  system  at  all  times;  the  pilot  line  was  capped  off.  Starting  was  suc- 
cessfully accomplished  with  the  spark  igniter  mounted  through  the  side  of 
the  prechamber  cylinder  with  the  plug  tip  flush  with  the  prechamber  tube 
inside  surface. 

Multiple  Fuels  Testing 

In  addition  to  the  emissions  testing  of  the  prechamber  combustor  on  JP-4 
reference  fuel  (MIL-F-5161  Grade  1),  it  was  of  interest  to  evaluate  the 
performance  of  the  combustor  and  engine  when  other  types  of  fuels  were 
burned.  Therefore,  regular  grades  of  JP-4  and  JP-5  fuels  and  a re- 
search quantity  of  oil-shale-derived  fuel  refined  toward  a JP-5/Jet-A 
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Figure  169.  Prechamber  Liner  Engine  Durability  Te«t— Profile  L 


Figure  170.  Prechamber  Liner  Engine  Durability  Teat— Profile  FI. 


Figure  171.  Prechamber  Liner  Engine  CXir  ability  Teat— Profile  ITL 
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Figure  172.  Prechamber  Liner  Engine  Durability  Test— Profile  IV 


Figure  173.  Free  lumber  Liner  Engine  Durabtltfj  Ten*  — Profile  V 


Figure  174.  Prechamber  Liner  Engine  Durability  Test— Profile  VL 


\ * • V % 


Figure  175.  Prechamber  Liner  No.  17  After  Durability  Test, 

External  View. 


Figure  176,  Prechamber  Liner  No.  17  After  Durability  Test, 

Internal  View. 
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specification  were  tested  in  the  prechamber  combustor.  The  shale  fuel 
was  supplied  by  the  Navy  to  DDA  through  the  U.S.  \rmy.  The  fuel  was 
refined  from  crude  shale  oil  produced  by  the  Paraho  process  and  mined 
from  the  Naval  oil  shale  reserve  at  Anvil  Points,  Colorado.* 

Analyses  of  fuel  samples  taken  from  these  tests  are  presented  in  Tables 
94  through  96  for  JP-4,  JP-5,  and  JP-5/Jet-A  Shale.  Table  96  gives  two 
analyses  of  the  oil  shale  fuel.  One  analysis  was  performed  at  DIM  while 
the  other  was  performed  at  the  U.S.  Army  Fuels  and  Lubricants  Re- 
search Laboratory  (USAFLRL),  San  Antonio,  Texas.* 

Engine  performance  and  exhaust  emissions  using  each  fuel  were  recorded 
at  approximately  1.  6,  25,  40,  55,  75,  and  100T«  power  in  both  ascending 
and  descending  power  sequences.  A summary  of  these  data  is  shown  in 
Tables  97  through  99.  In  each  of  these  tabulations,  both  chemical  and 
mechanical  fuel-air  ratios  are  provided,  as  well  as  the  ratio  of  the  chem- 
ically derived  value  to  the  mechanical.  These  results,  summarized  in 
Table  100,  show  that,  on  the  average,  chemical  fuel -air  ratios  were  5% 
higher  than  the  mechanically  derived  values. 

When  comparing  the  prechamber  combustor  system  exhaust  emissions 
from  the  various  fuel  runs,  one  additional  set  of  data  is  included  in  the 
plots,  the  emissions  reported  previously  using  JP-4  reference  fuel.  Fuel 
analysis  results  from  this  testing,  using  JP-4  reference  fuel,  are  sum- 
marized in  Table  88.  Prechamber  engine  performance  and  exhaust 
emissions  from  the  engine  testing  of  the  multiple  fuels  are  presented  in 
Figures  177  through  190  for  JP-4  reference,  JP-4  regular,  JP-5  regular, 
and  JP-5/Jet-A  oil-shale-derived  fuels. 


*The  Production  and  Refining  of  10,000  Parrels  of  Crude  Shale  Oil  into 
Military  Fuels.  Applied  Systems  Corporation,  Contract  N00014-75-C- 
0055.  Navy  Energy  and  Natural  Resources,  R&D  Office  with  the  Office 
of  Naval  Research,  1975. 

*Moses,  C.  A.  Analysis  of  Shale  Oil  Derived  Fuel.  U.S.  Army  Fuels 
and  Lubricants  Research  Laboratory,  8500  Culebra  Road,  P.O.  Drawer 
28510,  San  Antonio,  Texas,  78284.  Personal  Correspondence  to  K.  F. 
Smith,  U.S.  Army  AMRDL,  Ft.  Eustis,  Virginia  23604,  September 
1975. 
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TABLE  94.  FUEL  SAMPLE 
MIL-T-5624J. 

PROPERTIES  FOR 

JP* 4 REGULAR  FUEL, 

Pa rameter 

Sample 

Results 

Specification 

Dlsti llatlon 

I.B.P.,  °F 

158 

5*  recovered , °F 

210 

10* 

228 

20* 

250 

290  max 

30* 

272 

ko% 

295 

50* 

321 

370  max 

60* 

346 

70* 

374 

8o* 

409 

90* 

443 

470  max 

95* 

465 

End  Point,  °F 

483 

Recovered,  * 

98.3 

Residue,  * 

1.1 

1. 5 max 

Lobs,  * 

0.6 

1 . 5 max 

10*  evap. , °F 
20* 

50* 

90* 

Gravity,  °API 

54.0 

45-0-57.0 

Aniline  Point,  °F 

140.0 

Aniline-Gravity  Product 

7560 

5250  min 

Net  Heat  of  Combustion 

18,770 

18,400  min 

BTU/lb  (Calculated) 
Reid  Vapor  Pressure,  psi 

1.8 

2. 0-3.0 

Smoke  Point,  mm 

29.5 

Flash  Point,  °F 
Corrosion,  Copper  Strip 

lb 

lb  max 

Sulfur,  * by  wt. 

0.04 

0.40  max 

Hydrogen,  * by  wt. 

14.685 

H/C  Atom  Ratio 

2.051 

Aromatics,  * by  vol. 

12.1 

25.0  max 

Olefins,  * by  vol. 

1.8 

5.0  max 

TABLE  95.  FUEL  SAMPLE 
MIL-T- 5624J . 

PROPERTIES  FOR  JP-5 

REGULAR  FUEL, 

Parameter 

Sample 

Results 

Specification 

Distillation 

I.B.P.,  F 

358 

5%  recovered.  °F 

384 

10J* 

389 

400  max 

402 

305* 

410 

ko% 

418 

505* 

426 

605* 

434 

705* 

444 

805* 

456 

90* 

473 

95* 

488 

End  Point,  °F 

505 

550  max 

Recovered,  5* 

98.2 

Residue,  5* 

1.3 

1 . 5 max 

Loss,  5* 

0.5 

1. 5 max 

105*  evap. , °F 
205* 

5 0* 

90% 

Gravity,  °API 

43.4 

36.0-48.0 

Aniline  Point,  °F 

148.6 

Aniline-Gravity  Product 

6449 

4500  min 

Net  Heat  of  Combustion 

18,588 

18,300  min 

BTU/lb  (Calculated) 
Reid  Vapor  Pressure,  pel 

Smoke  Point,  mm 

21.7 

19.0  min 

Flash  Point,  °F 

140 

140  min 

Corrosion,  Copper  Strip 

2b 

lb  max 

Sulfur,  * by  wt. 

0.  05 

0.40 

Hydrogen,  5*  by  wt. 

14.097 

H/C  Atom  Ratio 

1.955 

Aromatics,  5*  by  vol. 

15.8 

25.0  max 

Olefins,  5*  by  vol. 

2.9 

5 . 0 max 
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TABLE  96.  FUEL  SAMPLE  PROPERTIES  FOR  SHALE  OIL  DERIVED 
JP- 5/JET- A FUEL 


Spec  1 f ; nation 


parameter 

Sample 

Resu  Its 

JP^ 

Jet  A 

DDA 

USAFLRL 

MITi-T“5^2£  J 

ASW  Dl'.’ 

Dlsti  nation 

I.R.P.,  °F 

127 

326 

9*  recovered,  °F 

370 

366 

1056 

375 

378 

400  max 

440  max 

20% 

395 

392 

3™% 

408 

403 

419 

412 

t>0% 

433 

426 

450  max 

60% 

446 

439 

70% 

460 

452 

Qo% 

476 

468 

90 % 

498 

491 

95* 

523 

512 

End  Point,  °F 

555 

542 

550  max 

550  max 

Recovered,  % 

98.3 

98.7 

Residue,  * 

1.1 

1.2 

1.5  max 

1 . 5 max 

Loss,  % 

0.6 

0.1 

1 . 5 max 

1 . 5 max 

10%  evap. , °F 

378 

20% 

392 

50* 

426 

90* 

491 

Gravity,  “API 

44.1 

44.2 

36.0-48.0 

37.0-51.0 

Aniline  Point,  °F 

142.5 

143.6 

Aniline-Gravity  Product 

6284 

6347 

4500  min 

Net  Heat  of  Combustion 

18,574 

19,451 

18 , 300min 

18 , 400min 

BTU/lb  (Calculated) 

Reid  Vapor  Pressure,  psl 
Smoke  Point,  mm 

18.7 

19.0  min 

25.0  min 

Flash  Point,  “F 

122 

126 

140  min 

105-150 

Corrosion,  Copper  Strip 

la 

la 

lb  max 

lb  max 

Sulfur,  * by  wt . 

0.03 

.00 

0.40  max 

0.30  max 

Hydrogen,  % by  wt. 

14.073 

14.095 

H/C  Atom  Ratio 

1.952 

1.955 

Aromatics,  * by  vol. 

27.2 

21.1 

25.0  max 

20.0  max 

Olefins,  % by  vol . 

3.8 

3-5 

5.0  max 

Nitrogen,  % by  wt. 

0.10 

0.09 
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TABLE  100.  COMPARISON  OF  CHEMICAL  AND  MECHANICAL  FUEL-TO-AIR 
RATIOS  FOR  PRECHAMBER  LINER  OPERATING  ON  DIFFERENT 
FUELS. 
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CHEMICAL  PROPERTIES  OP  The  fuel  USEO  CHEMICAL  PROPERTIES  OF  The  fuel  USEO  CHEMICAL  properties  of  ThE  fuel  used 


Output 


0.010  0.012  0.014  0.016  0.018  0.020  0.022 

Mechanical  Fuel/Air  Ratio 

Figure  177.  Prechamber  Liner  Multiple  Fuels  Engine  Test,  Output 
Power  at  Mechanical  Fuel-to-Air  Ratios. 
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Figure  178.  Prechamber  Liner  Multiple  Fuels  Engine  Test,  Output 
Power  at  Chemical  Fuel-to-Air  Ratios. 
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Chemical  Fuel /Air  Ratio 


Figure  179.  Prechamber  Liner  Multiple  Fuels  Engine  Test,  Percent 
Output  Power  at  Chemical  Fuel-to-Air  Ratios. 


Chemical  Fuel/Air  Ratio 


□ JP-4  Ref 
O JP-4  Reg 
6 JP*5  Reg 
V Shale  Jet-A 


Mechanical  Fuel  /Air  Ratio 


Figure  180.  Prechamber  Liner  Multiple  Fuels  Engine  Test 
Mechanical  and  Chemical  Fuel-to- Air  Ratios. 


70 


60 


50 


E 

f 

I 

1 »i 

W» 

1 

x 

201 


m 

o 

0.010  0.012  0.014 

Chemical  I 

Figure  181.  Prechamber  Lini 
Unburned  Hydrocarbon! 


32' 


0.010  0.012  0.014  0.016  0.018  0.020  0.022 

Chemical  Fuel/Air  Ratio 


Figure  182.  Prechamber  Liner  Multiple  Fuels  Engine  Test, 
Carbon  Monoxide  at  Chemical  Fuel-to-Air  Ratios. 


Nitrogen  Oxides— ppm 
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Chemical  Fuel /Air  Ratio 

Figure  183.  Prechamber  Liner  Multiple  Fuels  Engine  Test,  Total 
Nitrogen  Oxides  at  Fuel-to-Air  Ratios. 
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A plot  of  smoke  number  as  a function  of  chemical  fuel-air  ratio  is  given 
in  Figure  184.  If  the  four  smoke  numbers  above  25  are  ignored  (because 
of  the  improper  seating  of  the  flame  during  the  JP-4  reference  testing  and 
the  JP-5  testing  at  low  power  levels)  the  exhaust  smoke  was  well  below 
the  visible  limit  for  all  of  the  fuels.  Combustion  efficiency  is  shown  in 
Figure  185,  and  fuel  flow  rate  is  shown  in  Figure  186. 

Emission  index  plots  of  hydrocarbon,  carbon  monoxide,  and  nitrogen 
oxides  were  presented  in  Figures  187  through  189  against  percent  output 
power.  Exhaust  smoke  was  shown  in  Figure  190. 

The  photographs  in  Figures  191  through  194  show  the  condition  of  the  pre- 
chamber combustor  liner  after  completion  of  the  multiple  fuels  testing. 
Figures  191  through  19.1  show  the  lateral  surface  of  the  liner.  It  can  be 
seen  that,  with  the  exception  of  the  cylindrical  surface  in  the  region  of  the 
intermediate  and  dilution  holes,  none  of  the  metal  showed  any  signs  of  ex- 
cessive heating.  In  Figure  194  the  external  view  of  the  swirler  shows  that 
the  vanes  suffered  some  mechanical  damage,  probably  caused  by  liner 
alignment  prior  to  the  insertion  of  the  fuel  nozzle  and/or  spark  igniter. 

The  fuel  nozzle  showed  signs  of  carbon  buildup  during  the  engine  testing. 
Figure  195  is  a photograph  of  the  fuel  nozzle,  EX-115870C,  after  the  oil 
shale  JP-5/Jet-A  fuel  emissions  test.  It  is  not  known  how  much  of  this 
buildup  was  caused  by  the  shale  oil  fuel  by  itself.  Figure  196  shows  the 
carbon  buildup  of  JP-4  fuel  deposits  on  airblast  nozzle  EX- 114779  after  a 
two-hour  test. 

For  all  of  the  emissions  running,  the  airblast  fuel  injector  was  operated 
only  on  the  main  fuel  system  (no  pilot).  Engine  start-up  was  generally 
accomplished  on  main  only.  However,  JP-5  fuel  would  not  allow  main 
start-up;  so,  for  this  fuel  and  for  any  other  difficult  starting  times,  the 
pilot  side  of  the  nozzle  was  connected  through  a shutoff  valve  so  that  once 
the  engine  reached  idle  the  pilot  could  be  shut  off.  The  only  other  problem 
was  not  achieving  100%  power,  which  was  probably  caused  by  a poor  liner 
exhaust  temperature  pattern.  Thus,  when  the  interturbine  temperature 
reached  1490°F,  the  normal  100%  power  temperature,  this  constituted  the 
maximum  performance  point  for  the  run.  Early  running  with  the  liner 
achieved  very  nearly  100%  power,  but  the  distortion  to  the  metal  in  the 
dilution  and  intermediate  air  addition  region  was  probably  responsible  for 
the  deterioration  of  the  liner  exhaust  temperature  pattern  and  thus  the 
higher  than  normal  interturbine  temperature. 
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Number 


□ JP-4  Ref 
O JP-4  Reg 
A JP-5  Reg 
V Shale  Jet-A 


Figure  184.  Prechamber  Liner  Multiple  Fuels  Engine  Test,  Exhaust 
Smoke  at  Fuel-to-Air  Ratios. 
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Chemical  Fuel/Air  Ratio 


Figure  185.  Prechamber  Liner  Multiple  Fuels  Engine  Test, 
Combustion  Efficiency  at  Fuel-to-Air  Ratios. 
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Figure  186.  Prechamber  Liner  Multiple  Fuels  Engine  Test,  Fuel 
Flow  Rates  at  Fuel-to-Air  Ratios. 


Emission  Index  CHX — g CHx/kg  Fuel 


Figure  187.  Prechamber  Liner  Multiple  Fuels  Engine  Test, 
Unburned  Hydrocarbon  Emissions. 
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CO-g  CO/kg  Fuel 
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Output  Power— % 

Figure  188.  Prechamber  Liner  Multiple  Fuels  Engine  Test, 
Carbon  Monoxide  Emissions. 
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Figure  189.  Prechamber  Liner  Multiple  Fuels  Engine  Test, 
Nitrogen  Oxide  Emissions. 
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SAE  Smoke  Number 


Figure  190.  Prechamber  Liner  Multiple  Fuels  Engine  Test, 
Exhaust  Smoke. 
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TABLE  101.  TIME-WEIGHT- AVERAGED  LOH  DUTY 
CYCLE  EMISSIONS  COMPARISON  OF 
PRECHAMBER  LINER  OPERATING  ON 
DIFFERENT  FUELS. 


BASELINE  LlrJtM,  607146b.  JP-4  REFLNENCL  F ULL  * JOL  t ( NO  I NL  TEST  ^LMJfS  OA1 A 


ROG  SO  r/T  TOTAL  M?  El  CMX  l 1 CO  I 1 NO*  El  TOTAL  SK’Rl  »,u 


1. 

0.00 

65.00 

18.717 

195.267 

2.320 

lfck.io* 

11.00 

G. 

0.15 

69.00 

17.713 

111.199 

2.905 

131.317 

13.50 

25. 

O.UO 

113.00 

3.621 

97.4*29 

3.189 

59.239 

27.00 

90. 

0.15 

139. OU 

1.931 

29.907 

3.815 

35.653 

33.80 

55. 

0.95 

166. tH) 

1.997 

19.505 

9.273 

25.075 

36.50 

75. 

0.20 

209.00 

1.138 

10.795 

9.992 

16.629 

92.60 

100. 

0.05 

259.00 

0.699 

5.391 

5.977 

12.217 

96.10 

CYCLE  TOTALS 

159.65 

2.981 

23.331 

9.901 

30.193 

«6.10 

PERCENT  OF  BASELINE 

100.00 

100.00 

100.00 

100.00 

100.00 

PRCCHARBER  LINER.  LX- 

119087.  JP 

-9  REGULAR 

FUEL.  JULY 

ENGINE 

TEST  SCRIES 

QATA 

ROG  NO  T/l 

TOTAL 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SNORE  NO 

1. 

U.00 

65  • 50 

0.908 

15.090 

3.652 

19.000 

1.00 

G • 

0.15 

70.00 

0.606 

13.758 

3.995 

18.569 

1.00 

25. 

0.00 

115.00 

0.036 

0.131 

9.990 

13.909 

1.00 

90. 

0.15 

190.00 

0.090 

5.023 

5.999 

12.165 

1.00 

55. 

0.95 

160.00 

0.001 

9.588 

5.696 

11.567 

1.00 

75. 

0.20 

207.00 

0.989 

3.789 

6.502 

11.070 

2.30 

100. 

U • 05 

260.00 

1.199 

3.399 

6.700 

11.293 

7.60 

CYCLE  TOTALS 

161.50 

0.929 

5.095 

5.667 

11.056 

7.60 

PERCENT  OF  BASELINE 

101.16 

37.79 

21.62 

133.75 

39. 2R 

PKECHAHBER  LINER « LX- 119067,  JP-5  REGULAR  FUEL.  JULY  ENGINE  TEST  SERIES  (j*T* 


ROv  NO  T/l  TOTAL  RF  EX  CHX  El  CO  Cl  NOX  f I TOTAL  SNORE  NO 


i. 

0.00 

69.20 

0.920 

15.990 

3.687 

20.297 

10.00 

6. 

0.15 

69.00 

0.910 

19.752 

3.606 

19.979 

6.50 

25. 

0.00 

116.50 

0.935 

11.067 

9.967 

16.969 

1.00 

90. 

0.15 

199.00 

0.976 

7.106 

5.936 

19.022 

1.00 

55. 

0.95 

173.00 

1.029 

5.076 

6.255 

12.357 

1.00 

75. 

0.20 

212.00 

1 .090 

9.120 

6.967 

11.677 

9.60 

100. 

O.U5 

261.00 

1.152 

3.520 

6.698 

11.520 

18.00 

_ cycle  totals 

165.25 

1.038 

5.580 

6.162 

12.760 

16.00 

PERCENT  OF 

dASELIUE 

103.51 

92.20 

23.92 

139.99 

92.33 

PRCCMARBLR  LINER.  tX-1 19087.  SHALL  JP-3/JEI-A  FU EL.  JULY  ENGINE  TEST  SERIES  DATA 


BOB  NO  T/l  TOTAL MF  El  CHX  Cl  CO  Cl  NOX  El  TOTAL  SWORE  NO 


1. 

0.00 

61.00 

0.636 

16.619 

5.526 

22.761 

16.00 

6. 

0.15 

63.50 

0.607 

13.969 

6.103 

20.179 

11.00 

25. 

0.00 

116.00 

0.599 

7.633 

7.236 

15.913 

2.20 

90. 

0.15 

193.00 

0.523 

5.592 

7.692 

13.707 

1.00 

55. 

0.95 

171.00 

0.523 

9.923 

7.616 

12.762 

1.00 

75. 

0.20 

212.50 

0.529 

3.659 

7.901 

12.069 

1.00 

.... ISO* 

0.05 

269.00 

0.596 

3.239 

7.656 

11.636 

1.00 

CYCLE  TOTALS 

163.87 

0.531 

9.796 

7.719 

13.099 

16.00 

PERCENT  OF 

BASELINE 

102.65 

21.60 

20.57 

175.36 

93.22 
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Output  horsepower  is  plotted  against  mechanical  fuel-air  ratio  in  Figure 
177  and  shows  very  good  repeatability  for  all  power  levels  up  through  75% 
power  (315  hp).  The  engine  was  limited  to  1490°F  interstage  turbine 
temperature,  which  is  takeoff  (100%  power)  with  the  baseline  combustor. 
Therefore,  due  to  combustor  exhaust  temperature  pattern  shifts  and  lack 
of  uniformity,  100%  power  (420  hp)  was  not  run.  Output  power,  hp  and 
percent,  are  plotted  versus  the  chemical  fuel-air  ratio  in  Figures  179  and 
180.  The  chemical  fuel-air  ratios  varied  considerably  more  than  the  me- 
chanical values.  This  can  be  seen  in  Figure  180,  which  is  a comparison 
of  chemical  and  mechanical  fuel-air  ratios.  This  comparison  shows  that 
the  chemical  fuel-air  ratios  derived  from  the  exhaust  gas  analysis  con- 
sistently gave  higher  values  than  the  mechanical  fuel-air  ratios. 

Plots  of  the  data  points  for  hydrocarbon,  carbon  monoxide,  and  nitrogen 
oxides  as  functions  of  the  chemical  fuel-air  ratio  are  presented  in  Figures 
181  through  183.  For  the  hydrocarbon  data,  which  seemed  to  be  the  most 
sensitive  to  fuel  types,  the  oil- shale-derived  fuel  produced  the  lowest  ex- 
haust hydrocarbons,  while  the  JP-5  produced  the  highest.  All  fuels  gave 
concentrations  below  30-40  ppm.  The  JP-4  regular  fuel  data  in  Figure 

181  are  erroneous  because  of  the  sample  line  to  the  FID  ingested  raw  fuel 
during  an  abortive  fire-up.  As  can  be  noted  from  the  data  summary  in 
Table  97,  hydrocarbon  concentrations  steadily  decreased  with  reading 
number  and  clock  time.  The  carbon  monoxide  concentrations  in  Figure 

182  showed  close  agreement  among  fuel  types,  but  the  nitrogen  oxides 
plot  in  Figure  183  showed  that  a significant  portion  of  the  fuel-bound 
nitrogen  in  the  oil  shale  fuel  was  converted  to  NOx  in  the  combustion 
process,  resulting  in  consistently  higher  concentrations  than  from  the 
other  fuels.  From  a special  fuel  analysis  test,  JP-4  reference  fuel  was 
.006%  nitrogen  by  weight,  while  the  oil  shale  fuel  was  . 100%  nitrogen  by 
weight  or  had  about  17  times  the  nitrogen. 

Exhaust  emissions  from  the  JP-4  regular,  JP-5  regular,  and  shale  JP-5/ 
Jet-A  fuel  tests  were  time-weight  averaged  over  the  LOH  duty  cycle  and 
then  compared  with  the  baseline  recalibration  engine  data.  As  seen  in 
Table  101,  the  three  fuels  showed  little  effects  on  the  quantities  of  exhaust 
emissions  produced  with  the  exception  of  the  nitrogen  emissions  from  the 
shale-derived  fuel.  These  NOx  emissions  were  noticeably  higher,  again 
probably  caused  by  the  fuel-bound  nitrogen.  From  these  results,  the 
total  emissions  were  reduced  57-61%,  and  CHX  and  CO  concentrations 
were  reduced  60-80%  from  the  baseline  liner.  Only  the  high  NOx  levels 
kept  the  prechamber  combustor  from  achieving  all  of  its  emissions  goals. 
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A plot  of  smoke  number  as  a function  of  chemical  fuel-air  ratio  is  given  in  Figure  184 
If  the  four  smoke  numbers  above  25  are  ignored  (because  of  the  improper  seating  of  the 
flame  during  the  JP-4  reference  testing  and  the  JP-5  testing  at  low  power  levels),  the 
exhaust  smoke  was  well  below  the  visible  limit  for  all  of  the  fuels  Combustion  efficiency 
is  shown  in  Figure  185,  and  fuel  flow  rate  is  shown  in  Figure  186 

Emission  index  plots  of  hydrocarbon,  carbon  monoxide,  and  nitrogen  oxides  were 
presented  in  Figures  187  through  189  against  percent  output  power  Exhaust  smoke 
was  shown  in  Figure  190. 

The  photographs  in  Figures  191  through  194  show  the  condition  of  the  prechamber 
combustor  liner  after  completion  of  the  multiple  fuels  testing  Figures  191  through 
193  show  the  lateral  surface  of  the  liner.  It  can  be  seen  that,  with  the  exception  of 
the  cylindrical  surface  in  the  region  of  the  intermediate  and  dilution  holes,  none  of  the 
metal  showed  any  signs  of  excessive  heating.  In  Figure  194  the  external  view  of  the 
swirler  shows  that  the  vanes  suffered  some  mechanical  damage,  probably  caused  by 
liner  alignment  prior  to  the  insertion  of  the  fuel  nozzle  and/or  spark  igniter. 

The  fuel  nozzle  showed  signs  of  carbon  buildup  during  the  engine  testing.  Figure  195 
is  a photograph  of  the  fuel  nozzle,  EX-115870C,  after  the  oil  shale  IP-5/Jet-A  fuel 
emissions  test.  It  is  not  known  how  much  of  this  buildup  was  caused  by  the  shale  oil 
fuel  by  itself.  Figure  196  shows  the  carbon  buildup  of  JP-4  fuel  deposits  on  airblast 
nozzle  EX-114779  after  a two-hour  test. 

For  all  of  the  emissions  running,  the  airblast  fuel  injector  was  operated  only  on  the 
main  fuel  system  (no  pilot).  Engine  start-up  was  generally  accomplished  on  main  only. 
However,  JP-5  fuel  would  not  allow  main  start-up;  so,  for  this  fuel  and  for  any  other 
difficult  starting  times,  the  pilot  side  of  the  nozzle  was  connected  through  a shutoff 
valve  so  that  once  the  engine  reached  idle  the  pilot  could  be  shut  off.  The  only  other 
problem  was  not  achieving  100%  power,  which  was  probably  caused  by  a poor  liner 
exhaust  temperature  pattern.  Thus,  when  the  interturbine  temperature  reached  1490°F. 
the  normal  100%  power  temperature,  this  constituted  the  maximum  performance  point 
for  the  run.  Early  running  with  the  liner  achieved  very  nearly  100%  power,  but  the 
distortion  to  the  metal  in  the  dilution  and  intermediate  air  addition  region  was  probably 
responsible  for  the  deterioration  of  the  liner  exhaust  temperature  pattern  and  thus  the 
higher  than  normal  interturbine  temperature. 


340 


Figure  191.  Prechamber  Liner  No.  17  After  Multiple 
Fuels  Test,  External  75°- 195*  Rotation. 
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Figure  192.  Prechamber  Liner  No.  17  After  Multiple  Fuels  Test, 
External  180°- 330°  Rotation. 
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Figure  193.  Prechamber  Liner  No.  17  Multiple  Fuels  Test, 
External  300°- 90°  Rotation. 
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Figure  194.  Prechamber  Liner  No.  17  After  Multiple  Fuels  Test, 
Prechamber  Swirler. 
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MODIFIED  CONVENTIONAL  COMBUSTOR 

The  low  emission  modified  conventional  combustor  system  delivered  to 
the  Model  250-C20B  engine  for  initial  engine  testing  is  itemized  in  Table 
102.  This  combustion  liner  (modified  conventional  No.  11)  was  identical 
to  the  final  rig  development  combustor  with  the  exception  of  the  circum- 
ferential position  of  the  four  0.  625-inch-diameter  high-power  dilution 
holes.  On  liner  No.  11  these  dilution  holes  were  located  ±45°  to  the 
horizontal  plane  whereas  these  holes  were  located  ±30°  on  liner  No.  10  or 
±60°  on  liner  No.  8.  The  combustor  outer  case,  liner,  and  combustor 


TABLE  102.  LOW  EMISSIONS  MODIFIED 
PARTS  LIST. 

CONVENTIONAL  COMBUSTOR 

Part  Name 

Part  Number 

Outer  Case 

EX-115859 

Liner 

EX-118916 

Igniter 

6843984 

Fuel  System 

Nozzle 

EX-115870C 

Pressure  Relief  Valve 

SS-4CPA2-150 

I Variable  Geometry  Parts 

Clevis  Pins  (2) 

EX-118928 

Clevis  (2) 

EX-118929 

Actuator  Rods  (2) 

EX-118930 

Mounting  Blocks  (2) 

None 

Support  Plate 

None 

Air  Cylinders  (2) 

042-D 

Compression  Fittings  (2) 

T-128671-3 

Male  Connector  (2) 

810-1-12-316 

Reducer  (2) 

400- R- 8-316 
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assembly  are  presented  in  Figures  197  through  203.  The  fuel  nozzle  used 
with  the  modified  conventional  liner  was  the  same  airblast  device  used 
with  the  prechamber.  However,  unlike  in  the  prechamber  tests,  the  pilot 
fuel  system  was  used  extensively.  With  a pilot  tip  flow  number  of  4.0, 
the  pilot  fuel  line  was  connected  directly  to  the  engine  fuel  supply  line. 

To  force  the  idle  fuel  flow  to  be  from  the  pilot  only,  for  low  CO  and  CHX 
emissions,  a pressure  relief  valve  with  a cracking  pressure  of  300-320 
psi  was  inserted  into  the  main  fuel  supply  line.  With  this  system,  the 
fuel  for  idle  conditions  was  supplied  through  the  pilot,  and  the  fuel  for 
higher  power  operating  conditions  was  supplied  essentially  through  the 
secondary  airblast  system. 

The  two-position,  rotating-band,  dilution  variable  geometry  was  actuated 
by  two  rods,  which  were  connected  through  mounting  blocks  to  two  air 
cylinders  that  were  supported  by  the  actuator- rod  case  tubes  fixed  to  the 
combustor  outer  case.  The  air  cylinder  actuation  was  adjusted  so  that 
one  cylinder  would  be  actuated  to  pull  and  the  other  push  its  attached  rod 
and  thus  rotate  the  liner  dilution  band  from  one  position  to  the  next.  The 
actuation  of  the  geometry  was  accomplished  manually  by  the  operator  so 
that  at  midpower,  the  performance  of  both  positions  could  be  investigated. 

Exhaust  Temperature  Profile 

The  first  engine  testing  was  an  initial  shakedown  of  the  liner,  fuel  nozzle, 
and  dilution  variable  geometry  hardware.  It  was  followed  by  a combustor 
exhaust- temperature  profile  run  with  the  forty- eight  thermocouple  instru- 
mentation ring  installed.  The  poor  temperature  pattern  measured  from 
the  first  liner  engine  tested.  No.  11,  is  shown  in  Figure  204.  These  re- 
sults led  to  a succession  of  three  more  liner  configurations  before  the 
emissions  measurements  were  conducted.  The  specific  liner  temperature 
patterns  measured  are  shown  in  Figures  205  through  207.  Changes  to  the 
modified  conventional  combustors  were  restricted  to  the  hole  pattern  of 
the  high-power  geometry  setting. 

To  conserve  instrumentation  thermocouples,  maximum  temperatures  were 
held  to  the  2150°-2200°F  range,  which  limited  the  tests  to  a 75%  power 
maximum.  A summary  of  the  temperature  profile  data  sets  is  given  in 
Table  103. 

The  final  liner  configuration  used  for  the  emissions  testing  was  modified 
conventional  liner  No.  12.  The  high-power  setting  dilution  hole  pattern 
in  this  liner  was  four  holes  of  .625  inch  in  diameter  and  equally  spaced 
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Figure  198.  Modified  Conventional  Outer  Combustion  Case 
EX-115859,  Internal  View. 
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Modified  Conventional  Combustor  Assembly,  Three-Quarter 
External  View. 
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Modified  Conventional  Combustor  Assembly,  Side  External 
View. 


Figure  203.  Modified  Conventional  Combustor  Assembly,  Internal  View. 


352 


LOW-EMISSION  MODIFIED  i 

CONVENTIONAL  COMBUSTOR  OPERATING  AT 

90«  POWER 

TURB  temp 

TEST  DATE  * 3-31-73 

Reading  number  = 

213 

INLET  TEMP 

s 932. 

engine  number /name 

s 

CAE  021233 

/ 

MODEL  2S0-C208 

EN6INE 

TOT 

* 1125. 

OUTER  CASE  NUMBER/NAME 

s 

EX-113039 

/ 

VARIABLE  GEOMETRY 

LINER  NUMBER/NAHE 

s 

EX-110910 

/ 

MOO. 

conventional 

* * « 

> i 

» • A 

N N U L U S • < 

t • * * 

HUB 

MID 

TIP 

TOTAL 

AVERAGE  TEMPERATURE 

1331.0 

1610.3 

1629.6 

1500.3 

MAXIMUM  TEMPERATURE 

1000.0 

2060.0 

2210.0 

2210.0 

iavs-inleti  TEMP 

1099.0 

1106.3 

1192.6 

1136.5 

(MAX-AvG)  TEMP 

320.0 

991.7 

503.9 

621.5 

MAX  TEMP/AV6  TEMP 

1.2199 

1.2729 

1.3603 

1.3912 

(HAX-AvG>/(AV6-IN) 

0.2999 

0.3723 

0.9900 

0.5373 

lAVS-AVG  TOTAL) 

-37.3 

29.0 

36.1 

CTlP-HuB)  »V6  TEMP  93.6 

(AVG  TOTAL-TOT)  *63.5 


Figure  204.  Modified  Conventional  Liner  No.  11  Exhaust 
Temperatures  at  40%  Engine  Power. 
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LOW-EMISSION  HOOIFIEO 

CONVENTIONAL  COMBUSTOR  0PERAT1N6  AT 

750  ROWER  TU"B  TEMP 

TEST  OATE  * 9-  1-75 

KEA0IN6  number  « 215 

INLCT  TEMP 

« 536. 

CN6INC  NUMBFR/NAME 

* 

CAE  021235 

/ 

model  250-C20B 

ENGINE  TOT 

s 1323. 

OUTER  CASE  NUMBFR/NAME 

S 

EX-115059 

/ 

variable  GEOMETRY 

LINER  NUMBEA/NANE 

s 

EX-116252 

/ 

moo.  conventional 

• * < 

> < 

• •ANNULUS*1 

» • • • 

HUB 

NIO 

TIP 

TOTAL 

AVERA6E  TEMPERATURE 

1777.8 

1011.2 

1031.9 

1R0T.0 

maximum  temperature 

2050.0 

2190.0 

2100.0 

2190.0 

(AV6-INLET)  temp 

1291.0 

1275.2 

1295.9 

1271.0 

(MAX-Avel  TEMP 

272.2 

320.7 

260.1 

333.0 

MAX  TEMP/AVG  TEhP 

1.1531 

1.1015 

1.1969 

1.1093 

( MAX-AV6 l/IAVC-INI 

0.2192 

0.2570 

0.2069 

0.2620 

IAVB-AV6  TOTAL  1 

-2».2 

9.3 

29.9 

(tip-hub»  avo  temp 

59.1 

(AV6  TOTAL-TOT) 

909.0 

Figure  205.  Modified  Conventional  Liner  No.  10  Exhaust 
Temperatures  at  75%  Engine  Power. 
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LOW-EMISSION  MODIFIED  CONVENTIONAL  COMBUSTOR  OPERATING  at 
test  OATE  ■ A-  7-75  REA0IN6  NUMBER  * 227 

CNGINE  NUMBrR/NAME  S CAE  621233  / MODEL  290-C20B 

OUTER  CASE  NUMBrR/NAME  a EX. 119699  / VARIABLE  GEOMETRY 

LINER  NUMBrR/NAME  a EX-1I90&7  / MOO.  CONVENTIONAL 


7S«  POWER  TURR  TEMP 
INLET  TEMP  a 930. 
ENGINE  TOT  a 1290. 


AVERAGE  TEMPERATURE 

• • « 
Hue 

1747. 3 

MAXIMUM  TEMPERATURE 

2030.0 

(AVG-INLCTI  TEMP 

1237.9 

imax-avg • temp 

242.9 

MAX  TEMp/AVG  TEMP 

I .1969 

<NAX-AV6>/( AVG-TN) 

0.2121 

(AV6-AVG  TOTAL  1 

-7 . B 

iTiP-HuBf  avg  temp 

( AVG  TOTAL-TOT » 

ULUS 


MID 

TIP 

TOTAL 

1749.1 

1769.9 

1779.3 

2090.0 

2190.0 

2190.0 

1239.1 

1299.4 

1249.3 

260.9 

340.4 

374.7 

1.1966 

1.2019 

1.2111 

0.2247 

0.2664 

0.3009 

-4.3 

14.1 

21.9 

469.3 

Figure  206.  Modified  Conventional  Liner  No.  13  Exhaust 
Temperatures  at  75%  Engine  Power. 
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LOW-ELUSION  MODIFIED  CONVENTIONAL  COMBUSTOR  OPERATING  AT  75*  POWER  TURB  TEMP 
TEST  Date  ■ »-  6-75  Heading  NUMBER  = 831  INLET  TEHP  « 536. 
ENGINE  NUHBfR/NAHE  a CAE  621233  / MODEL  250-C20B  ENGINE  TOT  s 1320. 
OUTER  CASE  NUMBER/NAME  ■ EX-115839  / VARIABLE  GEOMETRY 


LINER  NUMBER/NAME  a 

EX-119016  / MOD. 

conventional 

N N U L U S * 

0 0 0 0 

HUB 

MIO 

TIP 

T07AL 

AVERAGE  TEMPERATURE 

iaoo.0 

1697.6 

1905.7 

1650.0 

maximum  temperature 

1980.0 

2060.0 

2135.0 

2135.0 

cavg- inlet » temp 

1269.0 

1311.6 

1369.7 

1319.0 

imax-avg*  temp 

160.0 

212.2 

229.3 

265.0 

MAX  TEMP/AVG  TEMP 

1.1000 

1.1196 

1.1203 

1.1591 

<MAX-Avc>/(AV6-INI 

0.1929 

0.1616 

0.1679 

0.2169 

(AVG-AvG  TOTAL  1 
< tip-hub*  avg  temp 

IAvG  TOTAL-TOT  I 

•30.0 

-2.2 

55.7 

105.7 

530.0 

Figure  207.  Modified  Conventional  Liner  No.  12  Exhaust 
Temperatures  at  75%  Engine  Power. 
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TABLE  103.  COMBUSTOR  OUTLET  TEMPERATURE  PROFILE 
PARAMETERS  FOR  MODIFIED  CONVENTIONAL 
LINER  OPERATING  ON  MODEL  250-C20B 
ENGINE. 


Approximate  Output  Horsepower  (%) 


Combustion 

Liner 

40 

55 

75 

Series  No. 

P/N 

Tm/Ta 

P.P. 

Tm/Ta 

P.P. 

Tm/Ta 

P.F. 

■TM 

EX-116292 

1.168 

.232 

1.177 

.246 

1.184 

.262 

EX-118916 

1.391 

.537 

- 

- 

- 

- 

K*9 

EX-119066 

- 

- 

1.143 

.197 

1.154 

.217 

13. 

EX-119067 

1.148 

.205 

1.135 

.187 

1.211 

.301 

±45°  on  either  side  of  the  horizontal  centerline,  plus  one  hole  at  270° 
(looking  downstream)  in  the  same  axial  plane  at  . 500  inch  in  diameter. 

The  pattern  factor  values  in  Table  103  used  baseline  engine  values  for  the 
combustor  inlet  temperature,  T3,  since  the  low-emission  liners  measured 
this  temperature  with  a thermocouple  through  the  outer  case  dome.  At 
this  location,  the  modified  conventional  T3  measured  values  were  10°  to 
30°  lower  than  a similarly  placed  T3  thermocouple  read  in  the  baseline 
combustor  system.  The  reason  for  the  decrease  was  the  presence  of  the 
convection  cooling  shell,  which  surrounded  the  reaction  zone  on  the  modi- 
fied conventional  liner.  This  insulated  the  air  flowing  to  the  liner  dome 
from  the  hot  metal,  thus  resulting  in  slightly  cooler  temperatures. 

As  seen  from  Table  103,  modified  conventional  liner  No.  12,  which  has  a 
nonsymmetric  five-hole  liner  pattern  for  high  power  operation,  produced 
the  best  pattern  at  approximately  75%  output  power  conditions. 

Exhaust  Emissions 

Exhaust  emissions  measurements  were  recorded  at  the  LOH  duty  cycle 
steady- state  operating  conditions  on  the  modified  conventional  liner  No. 

12.  Data  were  taken  for  each  low-emission  combustor  in  both  ascending 
and  descending  power  sequences  on  two  separate  runs.  The  fuel  nozzle 
system  was  connected  to  fuel  only  the  pilot  nozzle  at  both  idle  conditions. 

1 To  accomplish  this,  a pressure  relief  valve  with  approximately  320  psi 

cracking  pressure  was  connected  in  series  to  the  airblast  main  fuel  line, 
downstream  from  the  "T"  fitting  that  branches  from  the  input  line  to  the 
two  separate  fuel  tubes  for  the  nozzles.  At  fuel  rates  higher  than  idle. 
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the  pressure  relief  valve  opened  and  the  additional  fuel  was  added  through 
the  main  airblast  system.  Thus,  above  idle  conditions,  the  pilot  fuel  rate 
was  more  than  70  lb/hr.  The  balance  was  used  for  achieving  the  required 
operating  point  and  was  supplied  by  the  airblast  main  fuel  nozzle.  The 
estimated  performance  of  the  fuel  nozzle  is  presented  in  Figure  208, 
showing  the  mode  of  operation  during  engine  testing. 

The  modified  conventional  liner  had  emissions  measured  at  twenty-nine 
points.  The  dilution- zone  variable  geometry  was  on  the  low-power  set- 
ting for  ground  idle  (5  hp),  operational  idle  (25  hp),  25,  40,  and  55% 
power  conditions.  The  geometry  was  then  changed  to  the  high-power 
setting  and  data  were  taken  at  55  (repeat),  75.  and  100%  power.  Thus, 
four  data  points  were  taken  at  both  idles,  at  25,  at  40,  and  at  75%  power, 
eight  data  points  (two  geometry  settings)  at  55%  power,  and  one  data  point 
at  100%  power.  The  first  100%  power  point  revealed  a shift  in  the  com^* 
bustor  exit  temperature  profile,  as  evidenced  by  a visible  red  streak 
along  the  bottom  of  the  turbine  case.  Thus,  to  assure  no  additional 
chance  of  damage  to  the  engine,  the  second  100%  power  point  was  aborted 
for  this  liner. 

A summary  of  the  recorded  data  is  presented  in  Table  104  for  the  modi- 
fied conventional  liner.  Plots  of  CO.  CHX.  and  NOx  emission  indexes 
versus  percent  output  power  are  presented  in  Figures  209  through  211, 
and  the  plot  of  smoke  number  versus  power  is  in  Figure  212.  Each  of 
these  plots  also  compares  the  modified  conventional  liner  with  the  base- 
line liner  emissions. 

As  indicated  in  Figure  213,  good  agreement  was  achieved  between  chem- 
ical and  mechanical  fuel-air  ratios.  An  analysis  of  fuel-air  ratio  agree- 
ment between  baseline  and  modified  conventional  combustors  is  shown  in 
Table  105.  Each  combustor  gave  slightly  higher  chemical  fuel-air  ratios, 
on  the  average  1.  1%  for  baseline  and  1.4%  for  modified  conventional,  but 
all  data  were  within  ±10%  variation  and  within  the  two  sigma  range  of 
variation,  which  was  less  than  ±8%.  Mechanical  fuel-air  ratios  were 
very  consistent  from  point  to  point  during  the  emissions  run.  Summaries 
of  the  baseline  and  the  modified  conventional  liner  mechanical  fuel-air 
ratios  are  shown  in  Table  106.  In  the  modified  conventional  liner  table, 
an  "L"  means  low-power  dilution  geometry  setting  and  "H"  means  the 
high- power  setting. 

Average  emissions  at  the  LOH  duty  cycle  power  points  were  taken  from 
the  emissions  versus  power  curves.  The  concentrations  and  other  data 
so  generated  are  shown  in  Table  107,  These  results  were  time-weight 
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TABLE  104.  EXHAUST  EMISSIONS  FROM  ENGINE  TESTING  OF 
MODIFIED  CONVENTIONAL  LINER  OPERATING  ON 
JP-4  REFERENCE  FUEL. 


MOS 

NO 

NO* 

PPP 

CO 

PPN 

CM* 
PPN  C 

C02 

PC 

FUEL 

LB/HR 

SHORE 

NUHBER 

F/A  CHEH 

f/a  hech 

F/A  C / 

F/A  N 

COHB  EF 
PC 

E. 

CO 

. - 6N/*6  FUEL 
CH*  NO* 

HORSEPOWER 
HP  PC 

14.7 

300.0 

44.0 

2.20 

60.0 

3.0 

0.01150 

0.01130 

0.430 

99.099 

26.439 

3.140 

2.356 

3.6 

0.9 

23*. 

14.5 

207.0 

•1.3 

2.43 

73.1 

4.0 

0.01217 

0.01130 

1.02? 

99.436 

16.650 

1.911 

2.133 

29.3 

7.0 

240  • 

34.0 

134.0 

23.0 

3.07 

113.3 

7.0 

0.01324 

0.01470 

1.037 

99.704 

0.739 

0.040 

3.397 

107.3 

23.3 

241. 

44.0 

121.0 

24.3 

3.07 

144.3 

12.0 

0.01321 

0.01360 

0.373 

99.712 

7.000 

0.979 

4.664 

160.6 

40.1 

242. 

41.0 

147.0 

20.3 

».S7 

172.4 

13.0 

0.01773 

0.01640 

1.001 

99.720 

0.130 

0.63? 

5.561 

229.6 

54.7 

245. 

44.0 

113.0 

21.3 

3.43 

143.4 

3.0 

0.01731 

0.01620 

1.063 

99.770 

6.421 

0,700 

4.293 

229.0 

34.3 

24«. 

34.0 

02.0 

22.3 

3.73 

200.3 

11.0 

0.01041 

0.01030 

1.017 

99.017 

4.341 

0.602 

4.069 

310.2 

73.9 

243. 

01.0 

07.3 

14.0 

4.00 

230.0 

14.0 

0.02027 

0.02110 

0.961 

99.030 

4.259 

0.390 

6.475 

410.9 

97.0 

244. 

33.3 

01.0 

*1.0 

3.41 

203.3 

10.0 

0.01730 

0.01010 

0.909 

99.016 

4.454 

0.661 

3.013 

306.4 

73.0 

247. 

45.0 

117.0 

14.0 

3.34 

143.3 

3.0 

0.01646 

0.01500 

1.054 

99.773 

6.904 

0.541 

4.160 

225.7 

53.7 

240. 

41.3 

140.0 

14.3 

3.33 

171.4 

17.0 

0.01762 

0.01640 

1.075 

99.752 

7.016 

0.464 

3.640 

227.0 

34.2 

243. 

44.0 

121.0 

20.3 

3.06 

143.0 

11.0 

0.01326 

0.01350 

0.904 

99.731 

7.705 

0.753 

4.061 

164.7 

39.2 

270. 

37.0 

127.0 

AO.  3 

2.34 

113.3 

3.0 

0.01466 

0.01450 

1,011 

99.722 

0.499 

0.709 

4.067 

102.9 

24.3 

271. 

21.3 

232.0 

•4.3 

2.32 

70.4 

2.0 

0.01234 

0.01100 

1.063 

99.349 

19.673 

2.079 

2.731 

29.9 

7.1 

272. 

17.0 

107.0 

03.0 

2.33 

47.0 

3.0 

0.01163 

0.01110 

1.053 

90.042 

34.033 

4.072 

2.336 

3.0 

1.2 

271. 

17.2 

407.0 

07.0 

*.33 

47.0 

1.0 

0.01163 

0.01110 

1.033 

90.033 

34.030 

4.160 

2.364 

5.0 

1.2 

2 74. 

10.2 

240.0 

30.0 

2.40 

70.4 

2.0 

0.01134 

0.01100 

1.01? 

43.311 

20.310 

2.346 

2.4*9 

30.6 

7.3 

273. 

34.3 

140.0 

•1.0 

3.10 

114.0 

7.0 

0.01330 

0.01440 

1.033 

44.644 

0.430 

1.499 

3.027 

107.3 

23.6 

274. 

43.0 

134.0 

34.0 

2.33 

143.0 

12.0 

0.01462 

0.01360 

0.337 

99.633 

0.941 

1.306 

4.739 

169.1 

40.3 

277. 

34.0 

130,0 

32.0 

3.30 

171.3 

20.0 

0.01733 

0.01630 

1.034 

99.670 

0.930 

1.037 

3.203 

229.4 

34.6 

270. 

41,0 

120.0 

*4.3 

3.33 

140.4 

0.0 

0.01432 

0.01620 

1.020 

49.702 

7.615 

1.173 

4.006 

229.5 

34.6 

273. 

32.0 

100.0 

*2.0 

3.41 

204.4 

3.0 

0.01731 

0.01010 

0.330 

99.763 

5.494 

1.007 

4.693 

310.7 

74.0 

200. 

33,0 

101.0 

*4.3 

3.33 

203.3 

3.0 

0.01701 

0.01010 

0.904 

43.773 

3.301 

0.030 

4.010 

300.1 

73.3 

201. 

42.0 

154.0 

37,0 

3.42 

144.3 

0.0 

0.01430 

0.01600 

1.061 

94.494 

7.741 

1.227 

3.993 

224.3 

33.5 

202. 

30.3 

134.0 

3.33 

170.3 

20.0 

0.01704 

0.01640 

1,000 

99 ,679 

0.604 

1.103 

3.300 

223.4 

33.7 

203. 

43.0 

134.0 

*1.0 

3.01 

143.3 

11.0 

0.01432 

0.01300 

0,344 

49,669 

0,943 

1.160 

4.643 

164,1 

39.1 

204. 

34.3 

147.0 

33.0 

I. 00 

114.3 

7.0 

0.01400 

0.01460 

1,019 

99,620 

9,694 

1,473 

3,934 

102.0 

24.3 

203. 

23.0 

324.0 

44.0 

2.24 

74.7 

2.0 

0.01123 

0.01170 

0.963 

99.046 

20,034 

3,272 

3.553 

23.6 

3.6 

204. 

23.0 

330.0 

37.0 

t.13 

47.3 

4.0 

0.01000 

0.01100 

0.902 

90.706 

36.021 

3,027 

3,716 

4.2 

1.0 
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Power  Leve 


Estimated  Performance  of  Airblast  Fuel  Nozzle  EX-115870C 
for  use  with  Modified  Conventional  Combustor. 


Emission  Index  CO— g CO/kg  Fuel 


i 


Figure  209.  Modified  Conventional  and  Baseline  Engine  Exhaust 
Carbon  Monoxide  Emissions. 
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Figure  210.  Modified  Conventional  and  Baseline  Engine  Exhaust 
Unburned  Hydrocarbons. 
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Figure  211.  Modified  Conventional  and  Baseline  Engine  Exhaust 
Total  Nitrogen  Oxide  Emissions. 


Figure  212.  Modified  Conventional  and  Baseline  Engine  Exhaust 
Smoke. 
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Mechanical  Fuel /Air  Ratio 


Figure  213.  Modified  Conventional  Liner  Mechanical  and  Chemical 
Fuel-to-Air  Ratio  Comparison  from  Engine  Test. 


TABLE  105.  COMPARISON  OF  CHEMICAL  AND  MECHANICAL  FUEL -TO -AIR 
RATIOS  FOR  BASELINE  AND  MODIFIED  CONVENTIONAL 
LINERS  OPERATING  ON  JP-4  REFERENCE  FUEL. 


KhTtU  OF  C/A  C/r.  *06  a 1.016 
SItoMA  a 0.036 

1 3IG9A  HANGt  a 0.961  1.092 

2 SIGKA  HA.obC  a 0.995  1.080 
• jIu.iu  KAobt  a 0.909  1.120 


HAIW  Ot  h / A C/n  AOb  = 1.019 
SlbHA  a 0.003 

1 SIGlA  rtANtit  a 0.976  1.062 

2 Slbr*A  KA.'vbf  a 0.933  1.100 

3 alxiVA  lihHbl  a 0.090  1.107 


HBb  00  F 3C/Frtri 


202  0.9092 

2*50  0.9976 

230  0.9606 

207  0 ,970b' 

201  0.9830 

293  J .9933 

202  0.9809 

239  0.9971 

231  1.0028 

239  1.0029 

203  1.0090 

2 So  1.0121 

200  1.0202 

231  1.0200 

29u  1.0206 

203  1.0303 

232  1.0370  <r 

209  1.0377 

290  1.0393 

233  1.0079 

244  1.0083 

206  1.0508 

->3u  1 .0369 

2 42  1.113  77 

257  1.0720 

236  1.0721 


\u 

F «C/FA'1 

2 76 

0.9373 

28  3 

0.9000 

263 

U . 9606 

293 

0.9652 

261 

0.9731 

26b 

0.9817 

260 

0.9600 

269 

0.9800 

2bb 

0.9669 

2 79 

0.9697 

25o 

0.9399 

27o 

1 .01 lu 

270 

1.0121 

260 

1.0167 

260 

1.0192 

27o 

1 . U 1 99 

259 

1.0223 

261/ 

1 . 03b9 

272 

1.0333 

27b 

1.0333 

273 

1.0330 

277 

1.0539 

267 

1 .0303 

281 

1 .061)^ 

271 

1 .0b26 

263 

1.0666 

26  3 

1 .0706 

2b2 

1.081  1 

232 

1 . 0 o 8 0 

2» 


Baseline  Liner 


6871486 


Modified  Conventional  Liner  EX- 11 906  6 


TABLE  106.  BASELINE  AND  MODIFIED  CONVENTIONAL  MECHANICAL 


averaged  over  the  LOH  duty  cycle  and  are  compared  to  the  baseline  emis- 
sions in  Table  108.  The  difference  between  the  two  modified  conventional 
portions  of  the  table  is  the  dilution  geometry  setting  used  at  55%  power 
conditions.  One  set  used  the  low  power  setting  and  produced  the  lower 
overall  emissions  but  15%  more  NOx  than  the  baseline  liner  produced. 

The  other  set  used  the  high  power  dilution  setting  at  55%  power  and  sup- 
pressed the  NOx,  but  the  total  emissions  increased  slightly.  The  high 
dilution  setting  results  showed  that  over  the  LOH  duty  cycle  the  modified 
conventional  combustor  system  reduced  CHX  by  more  than  51%,  CO  by 
nearly  60%,  while  NOx  was  maintained  at  nearly  baseline  level  (actually  a 
1.4%  increase),  and  total  emissions  were  reduced  48.3%  (only  1.7%  from 
the  50%  goal). 

RIG-TO- ENGINE  DATA  CORRELATION 

Two  combustor  rig  tests  and  three  engine  tests  were  conducted  using  the 
production  baseline  combustor  system  of  the  Model  250-C2013  engine.  Of 
the  two  rig  tests,  the  initial  rig  test,  in  which  emissions,  combustor  per- 
formance, and  liner  skin  temperatures  were  documented,  was  found  to  be 
in  error  due  to  mechanical  deficiencies  in  the  rig  instrumentation  ring  at 
the  liner  exit.  Therefore,  after  rebuilding  the  instrumentation  section, 
the  emissions  and  combustor  performance  tests  were  repeated,  but  the 
thermal  paint  test  to  document  liner  metal  temperatures  at  100%  power 
was  not  repeated. 

Engine  calibration  with  the  production  baseline  liner  was  performed  to 
document  exhaust  emissions,  the  liner  exit  temperature  profile,  and  the 
engine  performance.  An  air  regulator  failure  ruined  the  first  set  of  the 
exhaust  emissions  data  by  ingesting  ambient  air  into  the  sample  line. 

The  exhaust  emissions  baseline  was  repeated  prior  to  the  engine  testing 
of  the  low-emission  combustors.  The  final  engine  recalibration,  includ- 
ing exhaust  emissions,  followed  the  prechamber  combustor  multiple- 
fuels  testing. 

Fuel  flows  and  fuel-air  ratios  from  the  three  valid  exhaust-emissions 
tests  (one  rig  and  two  engine)  are  plotted  against  percent  output  horse- 
power in  Figures  214  and  215.  The  fuel  flow  rates  are  all  very  close,  but 
the  fuel -air  ratios  from  the  combustor  rig  were  higher  at  the  higher 
power  levels.  The  test  data  from  each  of  these  runs  are  given  in  Tables 
109,  110,  and  111  for  the  baseline  final  calibration,  baseline  initial  cali- 
bration, and  valid  rig  baseline,  respectively. 
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TABLE  108.  TIME-WEIGHT-AVERAGED  LOH  DUTY  CYCLE  EMISSIONS  FROM 
ENGINE  TEST  OF  MODIFIED  CONVENTIONAL  LINER. 


BASELINE  LINER*  6871486.  JP-4  REFERENCE  FUEL,  APRIL  ENGINE  TEST  SERIES  DATA 


RDG  NO  T/T 

total 

UF 

El  CHX 

El  CO 

Cl  NOX 

El  TOTAL 

SMOKE  NO 

1. 

0.00 

70.00 

17.354 

92.163 

2.250 

111.767 

6.80 

6 • 

0.15 

78,00 

12.110 

78.205 

2.359 

92.674 

9.80 

25. 

0.00 

lib, 00 

3.535 

41.387 

2.996 

47.918 

20.50 

40. 

0.15 

143,00 

1.959 

24.852 

3.605 

30.416 

28.40 

55. 

0.45 

170.00 

1.411 

17.058 

4.514 

22.983 

34.50 

75. 

0.20 

209,00 

1.008 

9.337 

4.952 

15.297 

39.20 

100. 

0.05 

262.00 

1,080 

5.522 

5.782 

12,384 

42.10 

CYCLE  TOTALS 

164.55 

2.114 

19.542 

4.454 

26.111 

42.10 

PERCENT  OF  BASELINE 

100.00 

100,00 

100.00 

100.00 

100.00 

MODIFIED  CONVENTIONAL  LINER,  EX-119066,  JP-H  REF,  55*  LOU  DZ,  APRIL  ENGINE  TEST 


RDG  NO  T/T 

TOTAL 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

1. 

0.00 

69.00 

3.921 

32.100 

2.390 

38.411 

2.20 

6 • 

0.15 

77.00 

2.361 

21.830 

2.683 

26.874 

2.60 

25. 

0.00 

HR. 50 

1.152 

9.086 

3.624 

13.862 

6.60 

40. 

0.15 

144.50 

0.813 

7.745 

4.940 

13.498 

11.80 

551. 

0.45 

171.00 

0.536 

6.610 

5.429 

12.575 

18.60 

75. 

0.20 

210,00 

0.712 

5.136 

4,955 

10.803 

10.30 

100. 

0.05 

264,00 

0.354 

4.043 

6.563 

10.960 

14.70 

CYCLE  TOTALS 

165.37 

0.730 

7.242 

5.143 

13.116 

18.80 

PERCENT  OF  baseline 

100,50 

34.52 

37.06 

115.46 

50.23 

MODIFIED  CONVENTIONAL  LINLr,  EX-119066,  UP-4  REF,  55*  HIGH  DZ , APRIL  ENGINE  TEST 


ROG  NO  T/T 

total 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

1. 

0.00 

69.00 

3.921 

32.100 

2.390 

38.411 

2.20 

6 . 

0.15 

77,00 

2.361 

21.630 

2.663 

26.874 

2.60 

25. 

0.00 

114.50 

1.152 

9.086 

3.624 

13.862 

6.60 

40. 

0.15 

144.50 

0.613 

7.745 

4.940 

13.498 

11.60 

552. 

0.45 

171.00 

1.164 

6.131 

4.063 

13.378 

8.60 

75. 

0.20 

210.00 

0.712 

5.136 

4.955 

10.603 

10.30 

100. 

0.05 

264,00 

0.354 

4.043 

6.563 

10.960 

14.70 

*CL1  TOTALS 

163.37 

1.022 

7.950 

4.517 

13.489 

14.70 

100,50  48.34 


-»  .<  i 0*  BASCl  INC 
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40,68 


101.40 


51.66 


Fuel  Flow  Rate— Ib/hr 


Figure  214.  Baseline  Liner  Rig  and  Engine  Fuel  Flow  Rates  at 
Percent  Output  Power. 
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Mechanical  Fuel /Air  Ratio 


Figure  215.  Baseline  Liner  Rig  and  Engine  Mechanical  Fuel-to-Air 
Ratios  at  Output  Power. 
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Exhaust  liner  temperature  profiles  are  given  in  Figures  216  and  217  for 
75%  power  rig  test  and  82%  power  engine  test,  and  in  Figures  218  and  219 
for  100%  power  rig  and  engine  tests.  These  profiles  have  similar  char- 
acteristics but  are  out  of  phase  by  180°.  From  data  taken  on  previous 
corporate  programs,  this  flip-flop  characteristic  is  well  documented,  but 
it  makes  final  trimming  for  temperature  profile  a matter  for  engine  test- 
ing and  not  rig  testing.  Figure  220  shows  a comparison  of  rig  and  engine 
pattern  factors  as  a function  of  output  power.  The  agreement  is  good  at 
high  power. 

The  liner  metal  temperature  comparisons  using  thermally  sensitive  paint 
were  done  on  the  rig  when  the  instrumentation  section  was  defective,  thus 
influencing  the  liner  performance.  The  exhaust  temperatures  from  this 
test  are  shown  in  Figure  221.  The  temperature  patterns  from  the  same 
liner  at  the  same  operating  condition  are  shown  before  repair  (Figure 
221)  and  after  repair  (Figure  218)  of  the  rig  instrumentation  section.  The 
combustor  rig  thermal  paint  test  is  shown  in  Figure  222  and  the  engine 
test  in  Figure  223.  The  patterns  are  fundamentally  the  same,  but  the 
very  poor  temperature  profile  in  the  rig  test  exaggerated  the  temperature 
gradient  aft  of  the  dilution  holes.  Here  again,  what  is  seen  on  the  rig  is 
not  necessarily  what  will  be  experienced  on  the  engine.  Another  compari- 
son of  rig- engine  metal  temperatures  is  given  in  Figure  224.  These  tem- 
peratures are  from  five  thermocouples  attached  to  the  liner  metal  sur- 
face. These  data  agree  very  closely. 

Using  the  data  from  Tables  109,  110,  and  111  engine  and  rig  baseline  ex- 
haust emissions  were  compared.  Chemical  fuel-air  ratios  and  carbon 
dioxide  data  are  presented  in  Figures  225  and  226.  In  general,  the  com- 
bustor rig  values  were  higher,  especially  at  the  higher  power  levels. 
Combustion  efficiencies  are  plotted  in  Figure  227.  The  rig  data  had  lower 
efficiency  at  low  power,  but  higher  efficiency  at  the  high-power  levels. 

The  plots  of  unburned  hydrocarbon  and  carbon  monoxide  emissions  versus 
power  in  Figures  228  and  229,  also  show  a crossover  between  engine  and 
rig  data  at  mid  power.  Engine  hydrocarbons  reach  a minimum  or  floor 
level  primarily  because  of  oil  leakage  through  seals.  Nitrogen  oxides 
emissions  (Figure  230)  were  consistently  higher  than  in  the  combustor  rig 
testing,  but  the  smoke  data  in  Figure  231  appeared  to  be  the  same  in  both 
rig  and  engine  tests.  Each  of  the  sets  of  rig  and  engine  exhaust  emis- 
sions data  were  time-weight  averaged  over  the  LOH  duty  cycle  as  given 
in  Table  112.  The  percentage  emissions  were  computed  using  the  rig 
data  as  the  reference,  i.e.,  the  combustor  rig  test  percentages  are  all 
100%.  The  initial  baseline  emissions  test  produced  lower  emissions  in- 
dex values  for  all  constituents.  In  the  final  baseline  test,  however,  emis- 
sions were  back  up  to  and  slightly  higher  than  baseline  CO  and  CHX  values 
while  the  NOx  levels  remained  the  same  as  the  initial  baseline. 
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PRODUCTION  BASELINE  COMBUSTOR  RIG  TEST  (REPEAT)  AT  75«  POWER  CONDITIONS 
TEST  DATE  a 6-18-79  READING  NUMBER  = 1339  INLET  TEMP  = 515. 

ENGINE  NUMBCR/NAME  s COMB.  RIG  / MOOEL  250-C20B  ENGINE  TOT  = 1255. 

OUTER  CASE  NUMBER/NAME  a *870992  / PRODUCTION  BASELINE 


LINER  NUMBER/NAME  a 

6671*66 

6 * t 

/ PRODUCTION  BASELINE 
• ••ANNULUS** 

* • * • 

HUB 

MIO 

TIP 

TOTAL 

AVERAGE  TEMPERATURE 

1789.1 

1790.3 

1679. G 

1751.3 

maximum  temperature 

1909.0 

1929.0 

1899.0 

1929.0 

(AVG-INLET)  temp 

1269.1 

1275.3 

1169.6 

1236.3 

(NAX-AVC)  TEMP 

129.9 

138.7 

219.9 

177.7 

MAX  TEMP/AVG  TEMP 

1.0700 

1.0775 

1.1306 

1.1019 

(HAX-AvG)/(AV6-lN) 

0.0989 

0.1088 
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Figure  216.  Baseline  Liner  Rig  Measured  Combustor  Exit 
Temperatures  at  75%  Power. 
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Figure  217.  Baseline  Liner  Engine  Measured  Combustor  Exit 
Temperatures  at  75%  Power. 
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Figure  218.  Baseline  Liner  Rig  Measured  Combustor  Exit 
Temperatures  at  100%  Power. 
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Figure  219.  Baseline  Liner  Engine  Measured  Combustor  Exit 
Temperatures  at  100%  Power. 
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Figure  220.  Baseline  Liner  Rig  and  Engine  Pattern  Factors  at  Percent 
Output  Power. 
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Figure  221.  Baseline  Liner  Exhaust  Temperature  Measured 
During  Rig  Thermal  Paint  Run. 
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Figure  222.  Baseline  Liner  Metal  Temperatures  from  Rig  Test 
at  100%  Power. 
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Figure  223.  Baseline  Liner  Metal  Temperatures  from  Engine 
Test  at  100%  Power. 


Chemical  Fuel/Air  Ratio 


Figure  225.  Baseline  Liner  Rig  and  Engine  Chemical 
Fuel-to-Air  Ratio  Comparison . 
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Figure  226.  Baseline  Liner  Rig  and  Engine  Carbon  Dioxide 
Comparison. 
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Figure  227.  Baseline  Liner  Rig  and  Engine  Combustion  Efficiency 
Comparison. 
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Figure  229.  Baseline  Liner  Rig  and  Engine  Carbon  Monoxide 
Comparison. 
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Figure  230. 
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Baseline  Liner  Rig  and  Engine  Total  Nitrogen  Oxides 
Comparison. 
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Figure  231.  Baseline  Liner  Rig  and  Engine  Exhaust  Smoke 
Comparison. 


TABLE  112.  TIME- WEIGHT-AVERAGED  LOH  DUTY  CYCLE  EMISSIONS 
COMPARING  BASELINE  MODEL  250-C20B  COMBUSTOR 
RIG  AND  ENGINE  TESTS 


PRODUCTION  MODEL  250 

-C20B  BASELINE  COMBUSTOR  RIG  TEST,  JP-4 

FUEL  TESTED  6-18-74 

RDb  no  t/t  total 

UF 

El  CHX 

El  CO 

El  NOX 

El  TOTAL 

SMOKE  NO 

0. 

0.00 

0.00 

0.000 

0.000 

0.000 

0.000 

0.00 

1333  • 

0.15 

70.36 
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11334. 

0.00 
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C • 45 
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100.00 

100.00 
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1. 
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THE  EFFECTS  OF  THE  I OW- EMISSIONS  COMBUSTORS  ON  ION GINK 
PERFORMANCE 


For  several  areas  of  engine  performance,  it  is  informative  to  assess  the 
impact  of  the  low-emission  combustor  performance.  In  the  area  of  igni- 
tion, all  of  the  combustor  systems  tested  had  both  pilot  and  main  fuel 
nozzles,  but  the  prechamber  liner  operated  only  on  the  main  fuel.  Base- 
line ignition  on  both  the  combustor  rig  and  the  engine  was  never  any  prob- 
lem. For  the  modified  conventional  combustor,  ignition  on  pilot  only  or 
on  pilot  plus  main  fuel  was  easily  accomplished,  but  main  only  ignition 
was  usually  not  possible.  The  prechamber  liner  ignited  easily  on  pilot, 
main  plus  pilot,  and  main  only  on  JP-4  fuel  but  would  not  ignite  main  only 
on  JP-5  fuel. 

Both  low-emission  combustors  were  ignited  at  a pressure  simulating 

25.000  feet  altitude  on  main  plus  pilot  fuel  systems,  and  the  prechamber 
was  also  ignited  on  main  fuel  only.  The  conditions  were  5.45  psia,  0.20 
lb /sec  air  mass  flow,  20  lb /hr  fuel  flow,  and  35-40  °F  inlet  temperature. 
The  baseline  liner  was  not  tested  but  is  certified  to  start  the  engine  at 

20.000  feet  altitude  and  -65°F  ambient  temperature  on  JP-4  fuel. 

Engine  light-off  and  acceleration  to  idle  at  standard  conditions  with  unity 
ram  was  easily  accomplished  with  baseline  and  modified  conventional 
combustors  operating  on  main  plus  pilot  and  pilot  only  fuel  systems,  re- 
spectively. Engine  starting  with  the  prechamber  liner  having  a direct 
connection  of  the  fuel  line  to  the  secondary  or  main  fuel  nozzle  produced 
ignition  but  extreme^  slow  acceleration  to  idle  gasifier  speed.  It  was 
found  that  the  engine  fuel  control  could  not  respond  properly  to  the  low 
fuel  back  pressure  from  the  main  fuel  nozzle.  Inserting  a 75  psi  pressure 
relief  valve  in  series  with  the  main  fuel  nozzle  provided  adequate  back 
pressure  for  the  fuel  control  and  acceleration  of  the  engine  was  satis- 
factory. For  JP-5  testing,  however,  the  prechamber  combustor  required 
main  plus  pilot  fuels  for  starting  with  the  pressure  relief  valve  still  in- 
stalled. Once  at  idle,  the  pilot  could  be  turned  off  with  all  operating 
modes  satisfactorily  handled  by  only  the  main  fuel  system. 

The  baseline  combustor  experienced  lean  blowout  on  the  combustor  rig  at 
19-21  lb/hr  fuel  flows  at  four  different  steady-state  operating  conditions. 
This  corresponded  to  fuel/air  ratios  varying  from  .0038  at  idle  to  .0017 
at  100%  power  pressure,  temperature,  and  air  flow  conditions.  The 
modified  conventional  liner  exhibited  lean  blowouts  in  the  range  of  10-30 
lb/hr  from  100%.  power  conditions,  depending  on  the  dilution  geometry 
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position.  Fuel  flow  rates  were  seldom  recorded  for  the  prechamber 
combustor  at  lean  blow  out  since  the  rates  were  below  the  operating  limit 
of  the  turbine-type  fu<  1 flow  meter  used.  On  a temperature  rise  basis, 
less  than  100°F  combustor  temperature  rises  were  consistently  obtained 
without  blowout. 

One  fuel  rate  reading  using  a Flo-Tron  fuel  meter  recorded  13  lb/hr  at 
100%  power  conditions  giving  a fuel-air  ratio  of  .0011,  still  with  a posi- 
tive temperature  rise. 

The  Model  250-C20B  specification  rated  engm<-  has  a maximum  specific 
fuel  consumption  (SFC)  rating  of  0.650  from  88%  to  100%  power.  Within 
this  power  range  the  engine  test  data  from  the  initial  emissions  testing’ on 
JP-4  fuel  produced  baseline  combustor  sfc's  over  this  power  range  of 
0.  636-0.  621,  the  modified  conventional  gave  0.  642-0.  629  sfc's,  and  the 
prechamber  liner  produced  a 0.648-0.634  range  of  sfc's,  all  within  the 
specification  maximum  of  0.  650. 

During  the  113  hours  of  engine  testing  of  the  baseline  and  low-emission 
combustors,  no  combustor  related  noise,  rumble,  or  vibration  beyond 
that  found  in  the  baseline  system  were  experienced.  It  was  difficult  to 
assess  whether  these  low- emission  combustors  operated  any  quieter  than 
the  baseline  system.  Also,  no  excessive  turbine  erosion  was  observed 
after  the  testing  had  been  completed.  The  engine  was  subsequently  used 
on  other  corporate  programs  without  the  turbine  section  being  repaired  or 
replaced. 

The  only  data  available  to  evaluate  ingestion  tolerance  are  test  results 
from  a corporately  funded  program  which  was  conducted  concurrently 
with  this  program.  In  this  test,  water  of  varying  volumes  was  injected  in 
’ .25  sec  into  a Model  250-C20  engine  inlet.  The  volume  of  water  was  in- 
creased in  steps  of  25  ml  until  blowout  occurred.  For  the  baseline  Model 
250-C20B  combustor  system,  the  combustor  blew  out  above  30  ml  of  in- 
gested water  at  idle,  40  ml  at  50%  power,  and  60  ml  at  88%  power  or 
maximum  cruise.  Prechamber  liner  No.  13  was  tested  and  was  found  to 
ingest  considerably  more  water  than  the  baseline.  The  prechamber  liner 
blew  out  above  150  ml  at  idle  and  100  ml  at  maximum  cruise.  Although 
the  modified  conventional  liner  was  not  tested  for  ingestion  tolerance,  a 
rich  primary  zone  standard  liner  was  tested  which  would  somewhat  simu- 
late the  low-power  dilution  setting  of  the  modified  conventional  liner. 

This  test  resulted  in  a slightly  improved  tolerance  to  water  ingestion  over 
the  baseline  liner. 
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In  summary,  the  low-emission  combustors  showed  improved  ignition, 
lean  blowout,  and  ingestion  tolerance  over  the  baseline  combustor  system, 
along  with  equivalent  specific  fuel  consumption,  noise  and  acceleration 
characteristics.  Exhaust  temperature  profile  was  worse  than  from  the 
baseline  liner,  but  the  turbine  did  not  show  any  excessive  turbine  erosion. 


CONCLUSIONS 

The  significant  conclusions  resulting  from  the  combustor  development  and 
engine  testing  follow. 

COMBUSTOR  DEVELOPMENT 

Conclusions  from  the  combustor  development  task  are  grouped  into  three 
areas:  general  conclusions,  conclusions  pertaining  to  the  prechamber 
combustor,  and  conclusions  pertaining  to  the  modified  conventional  com- 
bustor. 

General 

1.  Based  on  the  production  baseline  combustor  exhaust  emissions,  car- 
bon monoxide  accounted  for  76%  of  the  time-weighted  mass  emissions 
over  the  LOH  duty  cycle.  Nitrogen  oxides  accounted  for  17%  and  un- 
burned hydrocarbons  were  7%  of  the  total.  Thus,  to  attain  the  50% 
reduction  in  total  emissions,  the  carbon  monoxide  emissions  re- 
quired the  major  emphasis  and  had  to  be  decreased  more  than  50%  to 
compensate  for  the  nitrogen- oxide  emissions  not  requiring  a 50%  re- 
duction. 

2.  As  evidenced  by  the  test  data,  nitrogen  oxides  proved  to  be  the  most 
difficult  emission  constituent  to  reduce  below  or  maintain  at  baseline 
levels  and  to  still  obtain  50-60%  reductions  in  carbon  monoxide. 

Prechamber  Combustor 

1.  The  prechamber  combustor  demonstrated  a 60%  reduction  in  total 
emissions  for  several  configurations  but  the  nitrogen  oxides  in- 
creased substantially  above  baseline  levels. 

2.  The  change  from  the  dual-orifice,  pressure- atomizing  fuel  injector 
to  the  airblast  fuel  injector  operating  without  a pilot  nozzle  reduced 
exhaust  smoke  to  very  low  levels  but  further  increased  the  already 
high  nitrogen-oxide  emissions. 

3.  Simplex-type,  pressure-atomizing  pilots  as  well  as  impingement-  or 
impact-atomization-type  pilots  increased  CO,  CHX,  and  smoke,  but 
decreased  NOx  emissions.  Thus,  most  prechamber  data  were  re- 
corded with  no  pilot  fuel  flow. 
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4. 


The  prechamber  combustor  exhibited  substantially  more  lean  blow- 
out stability  than  the  baseline  combustor  system.  The  fuel- rich  pre- 
chamber zone  provided  a very  sheltered  region  for  the  combustion  at 
low  fuel  rates.  In  effect,  the  swirl- stabilized  prechamber  becomes  a 
small  combustor  itself. 

Modified  Conventional  Combustor 

1.  It  was  found  that  the  effectiveness  of  combustor- dilution- zone  vari- 
able geometry  was  significantly  influenced  by  the  power-level  time 
distribution  characterized  in  the  duty  cycle.  Since  variable  geometry 
was  used  to  control  the  reaction  zone  conditions,  it  would  be  most 
effective  for  emission  tradeoffs  between  cycles  having  or  requiring 
wide  variations  in  power. 

2.  One  configuration  of  the  modified  conventional  liner  did  show  that  50% 
total  reduction  in  exhaust  emissions  could  be  achieved  with  no  in- 
crease in  NOx  emissions,  but  a 50%  total  reduction  plus  a 10%  re- 
duction in  NOx  was  never  demonstrated. 

3.  Pilot  nozzles  in  the  airblast  fuel  injector  were  effective  at  low  powers 
in  reducing  CO  and  CHX  exhaust  concentrations  with  little  effect  on 
NOx  or  smoke.  At  mid-  and  high-power  levels,  the  presence  or  ab- 
sence of  pilot  fuel  flow  had  little  effect. 

4.  With  an  airblast  fuel  injector  and  the  variable  dilution  geometry,  the 
combustor's  stability  is  somewhat  better  than  the  baseline  system. 

ENGINE  TESTING 

Conclusions  from  the  engine  testing  portion  of  the  program  are  grouped 

into  the  same  three  areas:  general  conclusions,  conclusions  pertaining 

to  the  prechamber  combustor,  and  conclusions  pertaining  to  the  modified 

conventional  combustor. 

General 


1.  Both  the  prechamber  and  modified  conventional  combustors  com- 
pleted the  engine  testing  with  no  damage.  The  prechamber  liner 
showed  that  its  cooling  was  insufficient  to  avoid  some  thermal  dis- 
tortion in  the  sheet  metal,  but  this  was  predictable  from  the  combus 
tor- rig  thermal  paint  test. 


2.  There  was  no  damage  experienced  by  the  Model  250-C20B  engine  as  a 
result  of  operating  with  the  low- emissions  combustors  or  with  the 
oil- shale  refined  fuel  in  the  multiple  fuels  test. 

3.  The  Model  250  (T63)  engine  combustor  exit  temperature  pattern  is 
very  sensitive  to  change,  and  it  is  quite  difficult  to  obtain  a good  ex- 
haust profile.  Additional  development  would  be  required  to  finalize 
a good  profile  for  either  low- emissions  liner. 

4.  The  relationships  between  combustor  rig  exhaust  temperature  pat- 
terns and  engine  combustor  exhaust  temperature  patterns  showed 
only  a general  similarity.  Hot  and  cold  regions  in  the  exhaust  annu- 
lus were  generally  the  same,  but  gradients  and  temperature  magni- 
tudes were  sufficiently  different  for  the  low- emission  combustors 
that  reasonable  traverse  qualities  in  the  combustor  rig  resulted  in 
quite  poor  traverse  qualities  in  the  engine. 

5.  Combustor  rig  and  engine  exhaust  emissions  and  smoke  agreed  quite 
closely,  although  the  exhaust  temperature  patterns  did  not.  Also, 
liner  metal  temperatures  measured  on  the  combustor  rig  agreed  well 
with  engine  environment  measurements. 

Prechamber  Combustor 

1.  The  prechamber  combustor  achieved  the  primary  goal  of  this  pro- 
gram of  a 50%  reduction  in  total  cyclic  emissions.  Reductions  of  50 
to  60%  were  achieved  in  engine  tests.  Smoke  levels  were  well  below 
the  visible  range,  with  smoke  numbers  of  10  to  15  measured.  The 
secondary  program  goal  of  a 10%  reduction  in  cyclic  NOx  emissions 
was  not  achieved.  NOx  emissions  measured  in  engine  testing  were 
30  to  75%  above  baseline  levels. 

2.  Engine  starting  at  ambient  inlet  conditions  was  easily  accomplished 
with  the  main  airblast  fuel  system  on  the  prechamber  fuel  nozzle  with 
JP-4  fuel.  When  JP-5  fuel  was  used,  the  main  airblast  could  not 
start  the  engine  by  itself,  and  the  pilot  fuel  system  had  to  be  used 
also. 

3.  Engine  exhaust  emissions  from  the  prechamber  combustor  did  not 
change  significantly  when  different  fuels  were  used.  Carbon  mon- 
oxide and  unbumed  hydrocarbon  emissions  varied  only  slightly. 

Smoke  was  somewhat  more  sensitive  to  fuel  type,  and  nitrogen  oxides 
responded  in  proportion  to  the  fuel-bound  nitrogen.  Increases  in  NOx 
concentrations  when  the  oil  shale  fuel  was  used  would  indicate  that 
50-80%  of  the  fuel-bound  nitrogen  appeared  as  exhaust  NOx. 
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4.  Fuel  nozzle  and  liner  carboning  was  not  a problem  when  JP-4  or 
JP-5  fuels  were  used.  A light  layer  of  carbon  built  up  on  the  inner 
surface  of  the  prechamber  cup,  but  it  was  a uniform,  hard,  thin 
coating.  This  coating  did  not  build  up  beyond  a few  thousandths  of  an 
inch.  When  the  oil  shale  fuel  was  used,  a considerable  soft  carbon 
build  up  was  observed  on  the  fuel  nozzle  and  in  the  prechamber  cup. 

5.  During  the  engine  running  with  the  prechamber  combustor,  emission 
data  were  recorded  which  indicated  that  the  flame  in  the  combustor 
liner  was  not  seated  at  the  expansion  point  at  the  prechamber  cup 
exit.  During  these  instances,  high  smoke  was  noted,  as  well  as 
higher  than  normal  CO  levels  and  slightly  lower  NOx  levels.  A con- 
siderable hysteresis  was  involved  because,  once  remedied,  the  con- 
dition could  not  be  repeated.  Often,  cold  start  up  of  the  engine  fa- 
vored this  condition  and  JP-5  fuels  (both  petroleum  and  oil  shale  de- 
rived) were  more  prone  to  the  condition  than  the  JP-4  fuel  tested. 

Modified  Conventional 

1.  The  modified  conventional  combustor  system  very  nearly  achieved 
the  emissions  goals  for  the  program.  The  reduction  in  total  emis- 
sions (CO+CHx+NOx)  was  48.  3%  with  a goal  of  50%,  and  NOx  in- 
creased only  1.4%  above  the  baseline  NOx.  The  smoke  number  was 
below  15. 

2.  The  variable  dilution  geometry  system  installed  on  the  modified  con- 
ventional combustor  performed  well  during  all  of  the  testing  of  the 
combustor.  The  actuation  was  initiated  by  the  test  operator  via  a 
control  panel  switch,  but  a speed  switch  could  have  been  used  to 
make  the  system  automatic. 

3.  For  the  two-position  variable-dilution  geometry,  the  separation  of  the 
hole  configurations  for  the  two  settings  permitted  independent  tailor- 
ing of  both  emissions  and  exhaust  temperature  pattern. 
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RECOMMENDATIONS 


The  emission  reduction  technology  demonstrated  in  this  program  has 
potential  application  for  can  and  can-annular  combustors  in  aircraft  gas 
turbine  engines.  It  is  recommended  that  the  following  abatement  concepts 
be  used  for  reducing  constituent  emission  concentrations. 

For  reduction  of  carbon  monoxide  and  unburned  hydrocarbons: 

• Substitute  convection  cooling  or  reverse-flow  film  cooling  for  down- 
stream film  cooling  around  the  primary  zone. 

• Increase  the  flame  temperature  by  richening  the  primary  zone.  This 
can  be  accomplished  either  with  a fuel  rich  design,  as  was  done  with 
the  prechamber  liner,  or  by  variable  geometry,  as  done  with  the 
modified  conventional. 

• Increase  the  combustor  volume,  as  was  done  in  the  prechamber. 

• Concentrate  the  fuel  spray  in  the  center  of  the  liner  at  low  power  by 
using  substantial  amounts  of  pilot  nozzle  flow,  as  was  done  with  the 
modified  conventional  nozzle. 

• Delay  the  dilution  air  to  provide  more  intermediate  zone  (high  tem- 
perature) volume. 

To  reduce  nitrogen  oxides: 

• Reduce  the  flame  temperature  by  leaning  the  primary  zone  at  high 
power  with  variable  geometry. 

• Increase  pilot  fuel  flows  at  low  power  levels  in  an  already  rich  en- 
vironment in  the  prechamber. 

To  reduce  exhaust  smoke: 

• Inject  fuel  with  a well-designed  airblast  nozzle  and  a reasonably  high 
liner-pressure  drop  to  have  sufficient  energy  in  the  air  for  good 
atomization  and  mixing. 

• Minimize  or  eliminate  pilot  fuel  flows  in  fuel- rich  primary  precham- 
ber combustors. 

Although  significant  emission  abatement  technology  was  demonstrated  in 
this  program,  a continuing  and  expanded  effort  is  recommended  to: 

• Further  develop  and  apply  some  of  these  concepts. 

• Investigate  new  concepts,  which  might  lend  themselves  more  easily 
to  a given  installation. 

• Study  the  problems  encountered  in  this  program  to  better  understand 
their  causes  and  develop  their  solutions. 
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LIST  OF  SYMBOLS 


A Fuel  constant  used  in  gas  analysis  equations 

B Fuel  constant  used  in  gas  analysis  equations 

C Fuel  constant  used  in  gas  analysis  equations 

C Concentration,  ppm 

CHX  Exhaust  concentration  of  unburned  hydrocarbons,  ppm 

(Ci  equivalent) 

CO  Exhaust  concentration  of  carbon  monoxide,  ppm 

El  Emissions  index,  gm  emission/kg  fuel  burned 

F/A  Fuel  to  air  weight  ratio 

fr  Volume  fraction 

Hg  Mercury 

NOx  Exhaust  concentration  of  total  nitrogen  oxides,  ppm 

(NO2  c quivalent) 

\ Combustion  efficiency 


404 

1404*77 


